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PREFACE 


i HIS BOOK is int(iiided as a comprehensive survey of the entire field of 
g(ioi)hysical (^xjjloration. The author has endeavored to present the 
.subj(!(;t ill broad liorspcctive, emphasizing the relations, differences, com- 
mon f(iatures, and, above all, the fundamentals of geophysical methods. 

Th(^ material is divided into two parts of six chapters each, The first 
part, writtcm in (‘lementary language, addresses those desiring an insight 
info the working principles and geological applications of geophysical 
methods. 1 1 is iihmidc'd for individuals in executive and geologic advisory 
eaiiacily and for pm'-sons not directly concerned with field or laboratory 
opi'i’utions. 

I’lic second and major [lortion is written for the technical student of 
geojihy.sics. It [iresonls the subject from an engineering point of view, 
striving at a lialaiiccd discussion of theory, field technique, laboratory 
jiroceduri!, and geological interpretations. The author has aimed at a 
pr(‘S(*ntation that, will enable the geophysicist to get an insight into the 
geologist’s reasoning in .selc'cting geophy.sical methods and in interpreting 
g(‘opliysical data, and tluit will acquaint the geologist with the mathemati- 
cal ami pli.\'sical approach to instrument and interpretation problems, 

( Vrtain eoinproini.st's vvcn'c unavoidalrle if a volume of practical size 
was to be arrived at . It, is not possible to eoven- the ground in such detail 
as a .specialist, w(}rkiifg witli a particular mctliod, may deem advisable, 
(Icophysical (*xj)lorat,ion cliang(w rapidly; proccssciS once in the limelight 
have hoen discarded; (>th(;rs, smningly forgotten, liavc been revived. 
Ill this I look the fundamental or methodical significance of a given method 
is its chief crit crion for inclusion. This has been followed (‘ven at the risk 
of ill ‘.'Scribing “older” m(‘thods. Kiold, offic(>, and lalwnilory preccdurcvs 
:irr .<0 I'liiuigcablc ami s<i sulijcct to personal prch'i'onccs that, the discussion 
of such iiroccdiii'cs is contiiicd to a few (“xampli'S illustrat.ivc of inetliod but 
not of ili'tiiil. Since then' is a limit to the iminbcr of gcopliysical surveys 
that, can be illustrated, a choice was made on llie basis of {lisl,iii('t.n(‘,ss of 
response to siili.siirfacc ciiiiilit ions, and not on tlii' basis of survey dale. 

Till- necessity t'oi' element arv treatment lias occasioiu'd a certain lua'adlh 
in till' inatlieiniitical di.seiissions, po.ssibly at, the expense ol rigor and 
elcgam'(‘. Jii many cases formulas arc giviui witlioul derivation, l^hc 
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descriptioa of procedures and instruments used in geophysical science is 
limited to those having a direct bearing on geophysical exploration. A 
chapter on the history of geophysical exploration was abandoned in favor 
of a few historical references. The material is arranged in nuthodioal 
rather than historical order. 

A table of symbols precedes each major chapter dealing with methods 
that represent a geophysical entity. This applies to gravitational, mag- 
netic, seismic, and electrical methods (Chapters 7 through 10). In thes(^ 
chapters the discussion follows a uniform plan. First is an outline of 
fundamentals, followed by a description of rock properties and rock-testing 
methods. Instruments and instrument theory, as well as corrections and 
interfering factors, are reviewed next. The treatment is concluded in each 
case with a derivation of the fundamental interpretation equations and a 
description of surveys made on known geologic conditions. 

Various individuals and organizations have assisted in the preparation of 
this book. Specific acknowledgment is made on the following page. 

C. A. Heiland 
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INTRODUCTION 


I. SIGNIFICANCE OF GEOPHYSICAL EXPLORATION 

Gkophtsical EXPLORATION' may be defined as prospecting for nineml 
deposits and geologic structure by surface measurement of physical quantities. 

Geophysieal exploration does not rely on ma^ie or on any other super- 
natural procedure. It makes use of phenomena which can be interpreted 
fully throiigli the fundamental la'ws of physics, measured, and verified 
by iinyoiK' ns long as suitable instruments are used. A psychological 
reaction of the individual does not enter. Therein lies the diference 
between ge()p}iy,sical (ixploration and the “divining rod” whose scientific 
merits lia\'(5 never been (rstablished. ’ There may be persons who can 
“.seii.st^” the presence of subsurface geologic anomalies; however, if they 
are so distinguished, they should have no need to surround their ability 
with a veil of mysterious dovdees. Experience has shown that the divin- 
ing rod, eorjliury to geophysical instruments, will rarely give identical in- 
dications at ihesain(;plaf(i or for different operators. 

( loijpliysieal exploration may bo considered an application oj the prin- 
ciplr.H ijf (jfo physics to geological exploration. Derived from the Greek 
ij yij and ii ipv(n<;, the, word geophysics means "physics” or "nature” of 
thf' earth. It deals with the ('(jmposiiion and physical phenomena of the 
cai'th and its liipiid mid gaseous envelopes; it embraces the study of 
U'rrestrial iii.agnet ism, atniospheric electricity, and gravity; and it iaolude,s 
seismology, volcanology, oeiuiiiograiihy, nii(‘t(‘orology, and related sciences. 

The foiinilalion to the di^velopment of most geophysical exploration 
iiK'tliods was laid by geophysical scieiiee. In the past century systematic 
efforts were begun in all parts of the world to study earth’s phenoinm, 
such as gravity, niagnetisin, (‘arth([uak(;s, and voloaiiism. 8ueh studies 
were (‘xpected to give iiiforination in regard to the constitution of the 
earth’s intmior. .Miignelic and gravitational surveys were organized by 
government and static agencies, and ob.si'i'vatories for recording ineteoro- 
logic, oceanographic, and earthquiike plKMiomenu wen* established. 

Practically every geophysical exploration method has Ixan dev'idoped 
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from corresponding procedures in geophysical scieiKU!. While tlie ohjecL.s 
of these earlier studies were the broad regional fcaturcis, pr(‘.s(nit ge(>physi<'al 
methods aim at the location of local geologic structiircis and ininimil de- 
posits. This development resulted from a substantial increases in uecni-acy 
and reliability of field methods. It has been coincident with th(^ advaivcc^s 
made in physics generally and in electricity in particular and rr'ceived it.s 
impetus from the need for raw materials during and after the World War. 
Geophysical exploration may be called the application of the principh's of 
geophysical science to (commercial) problems of smaller geologic sailc. 

Experience has demonstrated that most subsurface stnictiins and 
mineral deposits can be located, provided that detectable, differmcea in 
physical properties exist. The main properties exliibitcd by tlu' more 
common rocks and formations are: density, magnetism, elasticity, and 
electrical conductivity. This entails four major geophysical medhods: 
gravitational, magnetic, seismic, and electrical. 

t 

II. GEOPHYSICS AS A TOOL FOE DETERMINING GEOLOGIC 
STEUCTURE; EXCEPTIONS; INDIRECT MIN'l-lRAL 
LOCATION 

The first objective of geophysical exploration is the location of geologies 
structures; as a rule, information regarding the occurrtmcc of spccifir' 
minerals is obtained only in an indirect manner. 

The geophysicist measures, at the earth’s surface, anoinnlic.s in phy.siciil 
forces which must be interpreted in terms of submrfarc geology. In 
many cases he has to bo content with a g<!neral statement, that a given 
area is structurally high or low (as in oil exploration), or tliat a zone of 
good or poor conductivity exists (as in mining). In .s<inie insliuuns, how- 
ever, an appreciation of the geologic i)ossibiliti(‘s and a laiekground of 
experience obtained by working in similar aimis makes it fjo.ssible to in- 
terpret surface anomalies more spoeifieally. Assiiim', for example, that, 
an iron ore deposit has been traced by magnefie instruments. \Mieii 
surveying adjacent properties, oncwould, therefore, be jiistifu'd in ntfrihul- 
ing large magnetic anomalies to tin; same ore. In a different area, liow- 
(wer, large magnetic anomalies may result from entirely different geologic 
bodies, sueli as intrusiems of igneenis roe'ks or contael.-metmiiorphie zones. 

Otln'r df'finitc gco;)hy.sical indications aiv: gnudty minima on salt, 
domo.s, magnetic highs (jn baseinemt uplifts, .seismic ^fraction f ravid-limc 
e.urves typical of salt donie.s, electrical indications eliaract eristic of s\ilfi{ii^ 
ore bodies, and so on. In such eases interpretation (jf findings in t erms of 
definite mineral deposits has Innm very successful. On the ot.lier hand, a 
ge.ophysieist unacejuainted with geologic, possibilities may carry interpre- 
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tative analogies too far into -unknawii territory. Failnres resulting from 
such procedure are forceful reminders that geophysics does not locate 
specific deposits, but furnishes only a physical indication which must be 
interpreted conservatively in geologic terms. 

In this connection a word may be said about the present status and 
future possibilities of methods for direct location of oil, gold, or water. 
At present there is no established direct means for finding oil; it is located 
indirectly by mapping geologic structures which, from experience, are ex- 
pected to be favorable for the accumulation of oil. Gold in placer chan- 
nels may be located indirectly by tracing magnetic black sand concentra- 
tions, provided that the geologic association of gold with black sand has 
been established. Water is difficult to locate; the indications require 
careful interpretation in the light of the electrical characteristics and dis- 
position of near-surface beds. On the other hand, recent developments 
along the line of direct methods indicate definite possibilities. The best 
chances for direct oil location are in the fields of electrical prospecting and 
soil and gas analysis. Electrical induction methods show promise of suc- 
cess ill locating placer gold concentrations and water. 

As indicated above, the greater number of applications of geophysical 
methods are of an indirect nature. If a mineral, rock, or formation does 
not hav{‘ any distinguishing physical properties, another mineral or geologic 
body may be utilized which has such properties and bears a known rela- 
tion to the ineffective body. The location of oil by the mapping of struc- 
tures which provide a trap for oil (anticlines, salt domes, faults, and buried 
hills), and the location of ore bodies by determining associated structure 
are (‘xainples of indirect procedure. 

III. MA.IOR FIELDS OF GEOPHYSICAL EXPLORATION 

Since g(‘(>physif*al exploration is the determination of subsurface geologic 
stniOiirc^ by iiu'ans of surface physical measurements, it is applicable in 
industrial fi(‘l(is wh(M’(5 a knowledge of geologic conditions is essential. It 
is understood that such applications are advisable only whcire structures 
and or-e bodi(‘s arc, not exposed, as most geophysical measurements are 
nu)r(‘ (\xpeiisiv'{‘ than surface g(‘ological surveying. 

At pr<‘S(uit th(? givat(‘st use of geophysical prospecting is made in oil 
f^xploralion. In this eouiilry r(‘latively few oil areas exist where geologic*, 
structure* is (‘xposc'd at the surfacci; in the majority of cases, the dec3per 
formations are coneealc'd by (fnapKintly unconforinablc*) younger strata. 
This is parti(‘iilarly triui for the entire Gulf coast, the Mideontinent, the 
Greuit Plains, Wc'stcuTi Canada, and a part of California. The Gulf coast 
has s(‘eri the most ext{*iisivci gc‘oi>hysic'al activity lxM:aus(! (conditions exist- 
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ing there are virtually ideal for geophysical exploration. At present 
seismic and gravitational methods for mapping oil structures dominat<i 
the field; electrical well-logging is widely used for the purpose of (’orrc'lat- 
ing formations by their resistivity and for identification of oil sands. It 
has been estimated that the oil industry spends between 15 and 20 million 
dollars annually for geophysical field work and laboratory research. 

Compared with the oil industry, the mining industry has made r(‘lativ(‘ly 
little use of geophysical exploration although there have been mor(‘ pub- 
lished accounts of mining surveys. Various reasons account for this lack 
of geophysical activity. (1) The small size of the average ore body makes 
it impossible to cover systematically township after township, as in oil 
surveying. (2) Large industrial groups capable of financing extensivu^ r(‘- 
search and exploration programs are few. (3) In mining areas geology is 
frequently known from outcrops, so that a determination of subsurface 
structure so important in oil exploration is less necessary. (4) Structural 
relations and dispositions of ore bodies arc usually complex, making int(‘r- 
pretation of geophysical data naore difficult. (5) Many geophysical 
methods ai-e adversely affected by the ruggcul topograpliy pr(‘val(‘nt. in 
mining districts. (6) Seismic methods, at prt^sent most prominent in oil 
exploration, have found little application in mining bc‘caus(^ dynamo- and 
(jontact-rnetamorphic; agencies have obliterated original diiTenunu's in (elas- 
ticity l^etween formations. (7) Transportation in mining n'gions i.s diffi- 
cult and inadequate. In spite of these handicaps, th(^ applieatbn of 
geophysics in mining is often more fascinating to th(‘ geopliysicLst than in 
oil because of the greater variation in method and proeedun*. Xot only 
may structural invf^stigations be made, but the or(‘ its<‘lf may produce 
indications; further, as.sotnaiions of tlui sought but inefT(‘ctiv(‘ mineral 
with noneommoreial hut physi(^ally eff<‘ctivc minerals may t)(‘ iitiliz(‘<l. 
Gernnally speaking, the planning and execution of a gc'ophy.sieal surv<‘y in 
mining and oil are (piite different; further details are j)r(‘S(uit(uI in 
CTiaptcn* 5. 

A third major fitM for geophysical work is that of (‘ngin(*(‘riiig, (‘iiconi- 
passirig civil engiue(*ring, (‘iigincering g<^ol<)gy, and alli(‘d fh'lds su(*h as 
military, structural, gas, and pipci-liiu^ engiiiCMiring, and lhf‘ lik(‘. (J(‘ophys- 
icsis Ix'ing applh^d to problems iriva)Iv{al in darn-site and turun*! invrsliga- 
tioiis, d(‘l ennination of foundation conditions in highway and railroad 
(*onsl nietioii, location of e.onstniction matcaials for highway and railroad 
work, water location, d(3tcction of corrosion and l(‘akag<’ in gas and \vat<‘r 
pipers, invc'siigatioii of building and road vibrations, and so on. Military 
onginc(n-ing has utilized geophysics in similar ways; Chapter 6 eovru’s th(‘.sft 
topics in more detail. 
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I. CLASSIFICATION 

Gfaipheyskl-vl m(‘thods may be fcroadly classified under two headings: 
major and minor (see Tables 1 and 2). There are four major geophysical 
methods: gravitational, magnetic, seismic, and electrical. 

In th(^ gravitational methods, measurements are made of anomalies in 
gravity attraction produced by differences in densities of formations and 
struct ures. In the mag’neiic method, measurements are made of anomalies 
in th(‘ ('arth’s magnetic ficdd due to geologic bodies of different degrees of 
para- or dia-magnetism. In either case, the reactions of geologic bodies 
{ir(i pcrmanc'nt, spontanoous, and nnchangeahle ; the operator cannot con- 
trol th(‘d(‘i.)th from which they arc received.^ 

In the oth(‘r two major methods, energy is applied to the ground for 
the purpose of producing a measurable reaction of geologic bodies, This 
gives thf‘ possibility of spacing transmission and reception points in such 
a manrKU’ that the depth range can be controlled. In the seismic method, 
(uiergy is supplied by dynamite explosions, and the travel times (time 
iritfu’val b(‘t\v(‘(‘ii firing of the shot and reception of elastic impulses) of 
rcfraci<‘{l and rfdi(‘Ct('d \\'avcs are iniuisured. 

In (>iK‘ grou]) of th(‘ rlrdriml methods (uiergy is applied galvanically, 
and the disti’ibntiou of \hv. potiuitial or the electromagnetic field resulting 
from (‘onductivc l>ocli(‘s is nu^asured. These are known as potential and 
(‘Ifctroniagiiol ic ((‘l(‘ctr()riiagnetic-giilvanie) methods. In another group, 
known ns f‘l<‘(*(r()ina.gu(‘ti(Hn(lu(‘tiv(i methods, tlie primai'y (energy is ap- 
pliful inductively to lh(‘ ground and the distortions of the electromagiKtlc 
fi(‘l(l a IV <l(‘tei’inin(‘d. 

^ If only oii(‘ body in lliis liniitution nuiy by varying 

th<‘ ixjsition of the naxMviii^i; iinitH in a liori/oiital direction away from tlunixis ofth<‘ 
g(M)!ogir laxly. U'hfr(*by, a variation of t h(i anomaly with distance is iiiirodiKnxl 
and, for oik* geologic body at hnist, <‘n()Uf<h equations may tie establisliod so that 
<lir(*ct (l(*))th d(d(‘nniiiat ions may h(^ made. Horizontal ohaiigcsot tUstaiKKi may 
.supplemented by vertical (dianges in <li.starico, with obsorvationH from scaffolds and 
aircraft, Inpractirc, thes<* methods are of limited value; when a plurality of g(mlogi(! 
bodies exists. 


7 



SUMMARY OF THE FOUR MAJOR GEOPHYSICAL METHODS 


lojjuoo q^daci OM 
uoi^oy snoaTOiniodg 


O 

^ fl 
^ o 
•~a 
05 a 


CD +3 

-+3 03 

O 

i'l 

3 
fl res 


4 


CD 

bfl 

T3 


as 

Oo 
T 3 pa 

xo. 


» M M 
t>-j < 1 ! 

^ r-M Q 
^ oT CD 

TS 
b rt 

J 2 “ 

D 05 O 
f -4 +3 CQ 
rj >-H GQ 
5 CS 3 
O a3 

53 '^-CJ 03 

■s §§§ 

.2 oj--^ 

(3 05 .+3 pH 

^.a-sa 


uoT{^'Bi(^ 0 U 0 j JO q^^do(i JO pjjuof) 
sppi^ 9uiZ5i3j0ug[ oj uoi^OTJO}! 




P'S,'® p 

- 


03 'TS 


^T5 
r* o 


^ ‘ii 43 

■p o 

P O fe: 5L> 

03 

r^s-es ^ 

^ s i 

S ' 2 as 

^ S P 

^.2 ;r“ 

+3 -P S 
^ fl CQ ^ 

t» o ^ 1^ 
o g p 

§ i a H 

55 -t 3 O 


be 

p 

’S) 

bfl 

o 


€ 
.-^ p-i 

ra Oh 
C!3 


CD 


b3 

a 

■a 


be 

P 

» CD 

•a'Srn 

•S’o o 


CD 

CO 

p-JP 

»% 

=3^ 

■43 g 

s ^ 

CD 

. .^rQ 

'p'p 
§ «> 


O ^ 

Pm 




<p 


-r; Ip 
^X3 

.S P 

•— < p 
•2 0 

S ot' P 
P PQ P 

.-’P-3 

"|o 

s -I 

O CO 

g & 
« 3 2 
•3 " 

m 


m 

'XS 


T3 

o 


53 

j3 


-2* w 

=Vg 

IS 


bO 

P 


'o he 
^ a 


r~l CD 

P P 
p.S 

TJ > 
P P 

q;> S-i 

PL,0 

pqd 


2 >> 

rft Oh 

o*^ -J-t 
ft.3 T3 


&s 


<=>.2 

,Sil“is 

p ^ o 


W 


CO 0J3 

^ p 

d k 'P 

p-^-P 3 
QD d 


_Q O 03 CD 

rP o oj ' 7-1 

4H 


ort^ 3 a:J 

Ph % CD 


CL 

ecJ 

.0 

P 
P '. 

€ 

ffl 


O P 


cd 

.2 3 
oS 


p 

o 


Oh 


o 


It?;)iJJ 0 O|:.]; -jjr 


8 



(^riAF. 2] 


METHODS OF GEOPHYSICAL EXPLORATION 


9 


Some of the minor geophysical exploration or detection methods make 
use of the elastic properties of the surface soil (dynamic soil testing) and 
of the water and atmospheric air (acoustic detection). Other methods 
involve the detection of thermal eifects (geothermal well testing) , the detec- 
tion of gases, and the mapping of radioactive radiations (see Table 2), 


Table 2 

SUMMARY OP MINOR GEOPHYSICAL METHODS 


Methods 

Field 

^ Applicationt 


I 

Mining, civil 
engineering 

Mine safety; pipe leak detection 


Acoustic 

Military 

engineering 

Sapper, submarine, airplane de- 
tection; sound ranging 

Utilizing 

elastic 

properties 


Navigation 

Echo depth sounding; iceberg 
location 

Dynamic 

vibration 

tests 

Structural; civil 
engineering 

Earthquake & vibration-damage 
test^ of buildings, ground, &road 
beds 


Strain 

gauging 

Mining, 

Civil engineering 

Mine safety 

Tests of structures 

IJt iliziiig 

Geothermal 

Oil exploration 

Structural correlation of wells; 
cementation problems 

t lie r mal 
efT<‘ets 

Thermal 

detection 

Military 

Navigation 

Airplane location 

Iceberg location 

(las (ietect ion 


Oil 

Mining 

Military 

Civil engineering 

Location of oil (?) 

Mine safety 

Poisonous gases 

Gas leaks 

Padioact ivit y in(‘asur{‘iiicnt h 

Mining 

Oil 

Radioactive ores 

Well logging 


In tho. follcnving sc'ctions, a summary of both major and minor geo- 
physiral mcithods is prc'seiitod, with special reference to general principles 
invoivi'd, instruments used, (‘oircictions applied, and interpretation pro- 
cedures 


11. GRAYITY METHODS 

General. A'ariaiions in tlui gravitational field may be mapped by the 
pc.'ndulum, graviinoter, and torsion balance. The pendulum and graviin- 
et(‘r nKuisuro relatives gravity, whereas with the torsion balance, the 
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yariations of gravity forces per unit horizontal distance, also known as 
^^gradients’^ of gravity are determined. Since the gravitational effects of 
geologic bodies are proportional to the contrast in density between them 
and their surroundings, gravity methods are particularly suitable for the 
location of structures in stratified formations. As there is generally an 
increase of density with depth, the uplift of deeper formations will result 
in placing formations of greater density in the same horizontal level as 
lighter and younger formations. 

Pendulum methods. It is well known that a 



pendulum may be used to determine not only time^ 
but gravity as well. Gravity pendulums are kept 
as constant as possible in length so that variations 
in period indicate changes in gravity only. To 
obtain the necessary accuracy, the pendulum period 
must be determined to within 1/10,000,000 of a 
second. By using an inverted peiidiiliim (L<‘jay- 
Holweck type, see Fig. 2-1), the sensitivity of tlu^ 
period to gravity variations may bo iiicr(uis(‘d 1000 
to 2000 times. 

The most common method for s(‘curing the; 
necessary accuracy in pendulum observations is 
the ‘^coincidence'' or beat method vvh(n’el:)y tin* 
gravity pendulum is compared with a chrononu^tc!- 
or another pendulum of nearly equal period. If 
the interval between successive coincidenc(s of the 


Fig 2-1. Lejay-Hol- two time pieces is measured with an accuracy of 1 
w( 3 ck penduluin (sche- millisecond, gravity is det(‘rmiii(‘d with an accuracy 

matic). P, Pin; Q, ^jf rnilligal.- Comparisons of field pendulums 

(mnriz rod; E, olinvar ... n i 

spring’ *D, trutpliragiir rdcrencc time piecf‘ arc usually rna<H‘ 

A, arresting device. by electrical wire or radio traiisnuHsion. C orn*c- 
tions are applied on observed })(‘riods for thr- 
“rate” of the comparison t inn; piece, air temperature and density, pendu- 
lum ainplitud(‘ and flexure of the support. 

Gravimeters. Pendulum, or ‘^dyiiamii(d’ methods of irKuisuriug gravity 
have been supersed(‘d rcconily by “stiitic" or “giuvinudcr” nu'thods in 
which gravity is compared with an elastic spring fore(‘. M(‘ch;uiieally 
simplest arc.^ ilu.^ Thndfall and P()llo(*k instrument (in which a thin hori- 
zontal <jiiartzbar is suspendcid frcjin a honz(uital torsion wiiv), th(' Harthy 
gravimeter (containing a horizontal, hinged beam susp(‘nd(‘(l from two 
hcdical springs), the Lindblad-Malmcpiist and the Askania gravimeters in 
whi<‘h the inass(‘s are suspended directly from a spring or springs, with 


“(dll” (iiftrr (laliloo), a(;col<a*ati(Jix anil of 1 centinuiler per second Hf|uare<l. 
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arraagements for electrical or similar means of magnifying the displace- 
ment . An increase in mechanical sensitivity may be attained by providing 
^^astatiziag^' mechanisms which involve the application of a labilizing force 
nearly equal and opposite to the elastic restoring force. Examples are 
the Ising gravimeter, in which a vertical quartz rod is suspended in in- 
verted position from a taut horizontal quartz fiber^ gravimeters using 
bifilar and t.rifilar suspeunsions, the Truman-Humble gravimeters and the 
Thyssen gravimeter (Figs. 2-2 and 2-3), astatized by a rigidly attached 
inverted pcmduliim. 

Corrections or gravity values observed with pendulums and gravimeters. 

The following corrections must be applied on relative gravity values: (1) 
a correction for normal variations of gravity (planetary effect) ; (2) ter- 
rain correction; (3) free-air and Bouguer (elevation) correction. The 
planetary correction is due to the variation of 
gravity with latitude. The effect of terrain is 
caleulatixl from ehwations along radial lines and 
con(uintri(^ circh^s around the station. Elevation 
is allowcul for by a reduction to level (free- 
air (‘<)rr<‘(*tion) to which the influence of the rocks 
l)<*t\v(Mui station and s(‘a l(‘vel is added (Bouguer 
reduction). 

Interpretation of gravity anomalies. Gravity 
aii<)niali(?s may b(‘ represented by contours (iso- 
gams) or profile's in connection with geologic sec- 
lions. Tli(‘ii* inten-pretation is largely qualitative 
and is given in t(UTns of structural highs and lows 
or pr(^s<‘nc(‘ or abs(‘n<*{‘of heavier or lighter bodies 
(s(*(‘ Fig. 2-3j. 

If .some information is available about the subsurface section and di- 
na'iisions and nature of geologic bodies to be expected, more quantitative 
iiitiM’prctation iiHithods may Ijo applied by calculating their attraction 
iiiid by vaiying the assumptions ingarding dimensions, shape, differences 
in (huisity, and d(‘pth until a rtusonable agreement between field curves 
jind tlu'orelieal eurv'cs is (jbtaiiK'd. This method of interpretation is of a 
trial and error natuir and g(ui<'rally referred to as indirect interpretation. 

The Eotvos torsion balance. (4>ntrarily to the l)eani in an ordinary 
balaiH‘e, tin* b(‘arn in a tomon balaiua^ r(wolv(Js in a horizontal plane and 
is (l{dle(*t<‘d from a posit ion corn ‘spending to the toi*sionl(\ss condition of 
th(‘ susp(‘iisi()n \vir(‘ by the* unbalanee of horizontal f<>re(‘s acting on it. 
F(jr till' sak(' of illustration, two type's (jf torsion t)alanc(^ beams may be 
distinguished. In tlu' beam of tlu^ first type (s(u^ Fig. 2-4u) two masses 
are at llu' <'nds of th(‘ l)(‘ain and at th<! same hwad. ^Fhc' bt'aiu is defi(‘ct(‘d 
by f()r(‘es r(‘siilting from horizontal diffi'i'cma^s ol the lioi'izont al ('ompo- 



Fig. 2-2. Gravimeter, 
lowered to ground through 
floor of passenger ear 
(Thyssen). 
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nents of gravity. These forces are frequently referred to as ^diorizontal 
directing forces^^ or '^curvature values'' since they are related to the curva- 
ture of the equipotential surfaces of gravity. If a spherical equipotential 
surface be^so placed that its apex coincides with the beam center, the 



Fig. 2-3, CLavimeter on tnavorse iirross anticline (schoinutic) . 


horizontal components of thc3 gravity f()r(*(‘H (whi(‘h at all point s an* at 
right angles to the equipot(;ntial surface) all point to th<* axi.s of rcjt ation 
and no deflection of the beam takes place. Wh(*n this surfaeai is curved 
in a different manner, the horizontal components no longer point in a 
radial direction; they tend to turn the beam into the dircctiou of rninimurn 
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curvature of the equipoteatial surfaces (see Fig. 2-5). Hence, the de- 
flection is proportional to the deviation of the equipotential surface from 
the spherical shape and the deviation of the beam from the direction of 
minimum curvature. 

In the second type of beam the two weights are attached to its ends at 
different levels (Fig. 2-4h). In addition to the above ‘^horizontal direct- 



{b) (c) W 


ji'i IT 2-4 I^^f’Hvos toryion balaiico. (ft) Kcuin of th-O first kind, (6) bofim of tlie 
Bccoud'kind; (r) lilt boiiia; (d) A.ska,ni!i fioublo tilt-boiiin balance (Amencan Askariia 
(/orp.) . 

iiig forfvs,” Ihiri bcniii is iifcKitcd by the difference in direction of tlio 
gravity force, s on the upper and lower weights, which increases with the 
('oiiv'f‘rj^(*nce of lJi (5 (!(|uip<)teiitiul surfu,<!c^s passing tliioiigh tfie weights, 
that is, with th(i rati^ of cliange, or “gradient,” of gravity (.sec Fig. 2-6). 
Th(! torsion Iralance is so sensitive that one may detect convergences of 
eriuipolential .surfaces of the order of 1/100,000 of aa arc-second, which 
corre.spond.s tea horizontal v’uriation ol gravity ol 10 ° gals'/cm. 


3 See footnote oa p. 10. 
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la practice, only a beam of the second type is used. The gradients and 
curvature values may be resolved into their aortli and east compoiumts. 
Hence the torsion balance beam is affected by four unknown quantities, 
to which is added a fifth, the zero or torsionless position of tlH‘ Ixmni. 
As the deflection of the beam depends on its azimuth, thfj action of gravity 
forces on it may he changed by rotating the entire instrunKuii iu a dif- 
ferent direction. To determine the five unknown quantities, five azimuth.s 
are therefore required; To shorten the observation time (20 to tlO iiiinut(*.s 
in each position), two beams are mounted side by sid(^ in antiparalhd 

arrangement. The s(‘e(>nd bctain 
adds its torsionless position as sixth 
unknown, so that three positions 
separated by angles of 120° ani 
required to determirn' all C|uanti- 
iies. In pn'sent practiia*, doul>l(* 
beam iiistrunumts of tii(‘ s(‘eorKi 
Eotvos typ(‘ ar(‘ nsial (*xelusivcly, 
arranged (uther for visual ol>serva- 
tion of th(‘ beam d(,!fi<‘(di(>n or with 
full automat i(‘ recording in(*cha- 
uisin. Most r<‘(*ent torsion balances 
carry Ix'arns suspend(‘d at an an- 
gl(5 of 45° (see Fig. 2-4e and r/). 
Calculation of gradi(‘iits and curva- 
tures pro(X‘(‘ds in a(‘e(>rdaa(*(j with 
formulas or nomographs l)as(‘d on 
the fundamental thi^ory of the in- 
strument . 

Corrections on torsion balance 
results. I'orsioii halanci* results 
must })<‘ {)r()vi(l(‘(i with a niimlx'i* 
of c(jrriH‘tions. Most iinpoiiiint is 
t.hc'- hirniin (lornxdjon, which is obiaiiu'd from (df'vations iiH'asunxl around 
t-he instriinient in a numt)crof radial (lii*ect.i(jns and along suitiibly s(*l(‘clo(i 
(amcentric circles. In rugged terrain, topographic c<)iT<*cti(>ius may hccoim* 
involved and inaccurate, which limits tlumiscfuliH^ss of tlx' torsion balaiici* 
to fairly Icvcd country. A second (planetary) conaaMion la'sults from tin* 
variation cjf gravity with latitude. Finally, it is often (i(\sirabh‘ to corr(X‘t 
for regional geologic structure. In torsion balanc(^ m(‘asur(an(uits umha- 
grouiid, allowance must be made for mass defici(‘ncif\s du(‘ to tuiuuds, 
drifts, and so on. 

Interpretation. In plan view, gradients are r(q)i-esfuitf‘d as arrows point- 



JYc. 2-5. Action of torHioii-balaiicc* b(‘ai 
of first kind in gravity field (‘haraeterizc* 
t>y cylindritoil criuipot ent iai surfiic(‘. 
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ing in the direction of maximuna change of gravity (woe Pig. 2-6); curva- 
ture values are plotted as straight lines through the station, the length of 
the line being in proportion to the deviation of the equipotential surface 
from spherical Torsion balance results may also be plotted in the form 
of curves along profiles at right angles to the strike (see Fig. 2-6). Rela- 
tive gravity may b,e calculated from gradients, and points of equal relative 
gravity may be connected by “isogams. 

Torsion balance interpretation may be qualitative or quantitative. In 
the former, gradients are given preference over curvature values. The 



Fic. 2-C. { F>ii v(.*r^eiu:c of (.‘(piipotx'ntial aurfacea of gravity caused hy suhsurfacc fault 
and reaction of torsion halanc(3 benm of the second kind. 


largest gra(li(Uits occur ubovcusiich portions of subsurface geologic features 
as aiv (‘haractei*ized by th(^ giu'utest horizontal variation of density, for 
(‘xainph', oil flanks of anticlines, syncliiies, edges of salt domes, igneous 
intrusions, biuhnl (‘.scarpiiuMits, and faults. Quai)titativ(.^ interpretation 
is usiuilly of an indinud nature; giuilogically plausible assumptions are 
mad(‘ about subsurface mass dispositions; th<ur gravity aiioinali(\s 
(*alc\ilat(Ml and compared with Hk; fi(‘ld findings. I)is(‘rcpanci('s betweiui 
the t\v<j ani reduced stiq) by step hy modifying the assumptions regarding 
depth, shape, and density of the subsurface bodies. 
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III. MAGNETIC METHODS 

General. In common with gravitational methods, magnet i(i pro.spoc't- 
ing utilizes a natural and spontaneous field of force, with fields of geologic 
bodies superimposed upon a normal terrestrial field. Coulomb’s law, 
which controls the attraction of magnetic bodies, is identical in form with 
Newton’s law; integral effects of all bodies within range are observ'ed and 
depth control is lacking. One important difference is that the gravita- 
tional fields of geologic bodies do not depend on the earth’s gravitational 
field, whereas magnetic bodies frequently owe their magnetiisation to the 
magnetic field of the earth. For this reason, magnetic anomalies are 
often subject to change with latitude. Moreover, rocks may have mag- 
netism of their own whose direction may or may not coincide with that 
induced by the terrestrial magnetic field. An important factor in the 
interpretation of magnetic methods is that rock magnetism, contrary to 
rock density, is of a bipolar nature. 

In gravity methods, total field vector and the horizontal gradients of 
the vector or of its horizontal components, are observed. In magnotie 
prospecting, measurements of the total vector arc the exception rather 
than the rule; it is usually resolved into its horizontal and vcnlical com- 
ponents. Experience has shown that the vertical component exhibits th<i 
clearest relation between magnetic anomalies and disposition of geologic^ 
bodies, at least in northern and intermediate magnetic latitudes. There- 
fore, measurements of the magnetic vertical intensity are prc‘ferri‘(l and 
are supplemented occasionally by horizontal intensity ohseuwations for 
greater completeness in the evaluation of the anomali(^s. 

Magnetic fields are generally expressed in gauss in magiudk* cxi)l<)ra-- 
tion it is more convenient to use 1/100,000 part of this unit, calhKl t!if‘ 
gamma (y). The accuracy requirements in magiKdic prospecting ar(‘ 1(‘SH 
than in gravity work; hence, it is a comparatively easy malt(‘r t() design 
instruments suitable for magnetic exploration. 

The magnetic anomalies of geologic bodies arc df‘p(mdcnt on thfir iruig- 
nctic “susceptibility” and “remanent” magnetism, propcTtic's wliicli vary 
much more widely than their densities. Rocks and formations fall into 
two natural groups: igneous rocks and iron ores tm. strongly magiudic, 
whereas sedimentary rocks are generally weak in magnetization. 
magnetic characteristics of roedvs are affected l)y niinu'rous factors such as: 
magnetite content, grain size, lightning, heat, contact imdainorphisni, 
TYmchanic;al stresses, disintegration and concc^ntration, and also l)y slnu'- 
tural forces which may alter ihci disposition of magnetic formations in the 
course of geologic periods. 

^Simplest definition is lines per square eeiitimcter (in air). See also footnote 
on p. 295. 
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Magnetic instrumeats. Most widely used in magnetic prospecting are 
the Schmidt magnetaineters. In the Schmidt vertical intensity magnetom- 
eter (see Figs. 2-7 and 2-8), a magnetic system is suspended on a knife- 
edge at right angles to the magnetic meridian; its center of gravity is so 
arranged that the system is approximately horizontal in the area under 
test. Deflections from this position are measured with a telescope and 
scale arrangement, expressed in scale divisions, and are then multiplied 
by a scale value to give relative vertical intensities. 

In the Schmidt horizontal magnetometer, 
a magnetic system is suspended in the mag- 
netic meridian and its center of gravity is 
so adjusted that the system stands approxi- 
mately vertical in the area under survey 
and is deflected by the horizontal f orce. The 
methods of taking the readings and applying 
corrections are the same as for the verti- 
cal magnetometers, except that for large 
anomalies of vertical intensity a correction 
for vertical intensity variations is required. 

In the Hotchkiss superdip, a magnetized 
needle is suspended on a horizontal pivot 
and provided with a counter arm so that 
both the position and the sensitivity of the 
needle may be controlled. The system may 
be used at right angles to the direction of 
the inclination so that it will then measure 
variations in total intensity. 

The instruments described above furnish 
the high degree of accuracy required in oil 
ex])Ioration. In mining exploration, how- ^ 
ever, simpler devices are often quite satis- 
factory. The earliest instrument of this kind American Askanu Corf. 

is the Swedish mining compass in which a 

^ \ .11 magnetometer, 

magnetic needle is suspended on a jewel and 

a stirrup so that it can rotate about a horizontal and vertical axis. Another 
early instrument is the dial compass which is a combination of a compass 
and sun dial. Extensive use has been made of the dipneedle, which is a 
magnetic ru'cMle capable of rotation about a horizontal axis and is essen- 
tially a vertical-intensity instrument. 

Corrections. The following corrections are required in magnetic ex- 
ploration: (1) correction for temperature of instrument, arising from the 
fact that the magnets used for comparison with the earth’s magnetic field 
lose their strength with an increase in temperature; (2) a ‘^base” correction 
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which allows for errors of closure when checking back to a base station; (3) a 
correction for daily variation which may bo deteriniiied by visual obscMwa- 
tion or recording of a second magnetometer; (4) a planetary cornMitic)!!, whi(*h 
eliminates the normal variations of the earth’s magn(d.ic field with latitud<^. 




bVnccs, bridge's, pip(,‘ liin^s, tanks, (l<Tricks, w(‘ll (‘usings, and Hk' like*, aiv 
as(n-ious handi(‘ap to rnagindic exploration and imist lx* kc[)l at snlficit'nt 
distanca^, as it is difficult to C(>rre(d; for them. 

Interpretation. Alagnciic results arc gcaierally r('|)r(\s(Mil(‘(l in tlu' form 
of liiuis of (Kjual magntdic anomaly (‘dsanomalic*’' liIl{^s^) or in the form 

as applied to langriotio liacH iw a in isnoinfM'. 


® 'The ruinio ' 
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of curves for profiles at right angles to the assumed strike (see Fig. 2-8). 
Interpretation of magnetic anomalies is usually qualitative. Depth de- 
terminations are the exception, rather than the rule, because magnetic 
anomalies may be due not only to variations in the relief of a magnetic 
formation but also to changes in magnetization; moreover, thq, ratio of 
induced and remanent magnetization is frequently , subject to unpredict- 
able variations. In the interpretation of magnetic data in oil exploration, 
magnetic anomalies ranging from fifty to several hundred gammas may be 
assumed to result from variations in topography and composition of 
igneous or metamorphic basement rocks or from igneous intrusions. 
Anomalies of lesser magnitude are usually due to variations in the mag- 
netization and structural arrangement of sedimentary rocks. Magnetic 
anomalies observed in mine exploration are of large magnitude and result 
in most cases from igneous rocks or magnetic ore bodies. 

In quantitative interpretation magnetic effects of assumed bodies are 
calculated, compared with the field curves, and assumptions changed until 
a geologically reasonable agreement is obtained. Direct methods of in- 
terpretation are applicable when the magnetic anomaly is simple and 
arises from one geologic body only; in that case, approximate calculations 
of depth may be made directly from the anomaly curves by assuming that 
the magnetic bodies are equivalent to single poles, magnetic doublets, 
single magnetized lines, and line doublets. 

Th(i pole and line theories make no assumptions regarding the origin of 
t he magiK'tic poles and may, therefore, be applied irrespective of whether 
g(H)l()gie l)odies are normally or abnormally polarized. On the other hand, 
lh(‘ magnetization is sufficiently homogeneous and the remanent 
maginqizat ion small, the magnetic anomalies may be attributed to induc- 
tion in tin* (‘arth’s magnetic field. In that case the so-called ^finduction 
t hcory ” is iipplicd. 'Idiis 1 hcory relates th(^ magnetic effects to the strength 
and direction of tlu* earth’s magnetic field and therefore to the magnetic 
latitude in which g(*ologic bodi(‘s occur. 

Considerahle ludp may h(‘. derivTsl in the interpretation of magnetic 
anomalies from I iif* u.sc* of niod(‘l experim(uits. In underground magnetic 
expl(M’alion it is n(s*(‘s.siiry to in(‘a.siir(i both horizontal and vortical intensi- 
t i(‘s, siiie(‘ rnagn(‘tiz(‘d hodii^s may oeciir not only l)cdow but also above the 
])lan<‘ of ol)s<Tva1ion. I)(‘pths of niagiKdizc'd hodk's may be determined 
hy obser\'a tioiis on scaffolds, in hallcKnis, and in airplanes. 

lY. SFdSMID METHODH 

General. Seismic* nu'thods an* in tin* (‘ntc'gory ol ^dndireet” geophysi- 
cal incdhods, in \vbi(*li the rmetioui^ (jf g{‘<)logi<*. bodies to pbysical fields 
an* measured. Sin(*(‘ tlio d(‘plh of p(*n(!tration (;f such fields depends upon 
the spacing of transmission and receiving points, variations of physical 
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properties with depth may be measured by noting how certain physical 
quantities change in horizontal direction. Seismic methods are therefore 
well adapted to depth determination of horizontal formation boundaries. 
In seismic exploration a charge of dynamite is fired at or near the surface 
and the ejastic impulses are picked up by vibration detectors, likewise at 
the surface. The time which elapses between generation and reception of 
the elastic impulses (^^travel time’O is measured by recording also the in- 
stant of the explosion and time marks (usually at 1/100 sec. interval). 

The simplest form of seismic exploration is the ^‘fan shooting’^ method, 
which has for its objective the determination of the nature of the media 
occurring between the shot point and a number of detectors set up in a 
circle around it. A second important seismic method is the ‘Refraction 
method/^ in which travel times of first arrivals are observed along a 
profile. The variation of this travel time with distance or the “travel 
time curve'^ makes it possible to determine true velocities and depths of 
the refracting formations. A third, and now the most important, method 
of seismic prospecting is the ^Reflection method,^’ in which the time re- 
quired for an elastic impulse to travel to and from a reflecting bed is 
measured. From the travel times it is possible to make a direct calcula- 
tion of the depths of the reflecting sufaces but not an evaluation of the 
elastic wave speeds within the reflecting formations. 

Seismic equipment. Seismic equipment falls into two grmq)8, that used 
at the shot point and that used at the receiving points. For th(j giuKTa- 
tion of elastic impulses, dynamite is employed, although widghts droppc^d 
from scaffolds or towers and unbalanced flywheel mrudiincs have bec^n 
applied to generate nonperiodic and periodic impulses (se(i Cliai)! cr 12). 
The dynamite is set off by special electric blasting caps, and th(‘ bnuik in 
the firing circuit is transmitted by wire or radio to the rerording tm(*k. 
Seismic shot holes are drilled by special rotaries, spudders, or centrifugal 
pumps. In reflection work a special detector is set up at the sliot hole 
for transmitting the time elapsed between the firing of th(.^ shot and the 
arrival of the wave at the surface. 

The equipment at the recenving points consists (jf ms many vibration 
d(doctors as therci are receiving points (6 or 12), conn(‘cf(‘(l to as many 
amplifiers and a recording camera in a specially d(‘sign(‘d truck. TIh- 
function of this (Hpii]>inent is to dcitect, amplify, and rc‘(‘()r(l tin* ground 
vibrations on ra])idly moving photographic paper (s(^e Figs. 2-U, 2-10, ami 
2-11). TIk' dei(‘etors, also referred to as “geophoiUNS,” phones, or ])i(‘ku|)s, 
record the vertieal eoinponent of th(^ vibration and aiv (‘onstrueled like 
microphones. ‘Tnductive'’ detectors are built like moving crjil dynamic 
microphones, ‘Reliietanco'' detectors like phonograph pickups and “capaci- 
tive’^ detectors like condenser microphones and ‘Riezo-electric/’ detectfjrs 
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like crystal microphones. At present the inductive and reluctance types 
predominate. The amplifiers have usually three to four stages, are either 
straight transformer or resistance-impedance coupled, and include auto- 
matic volume control and amplitude expanding circuits to ofiset the de- 
crease of (reflection) amplitude with depth. Recording units are coil 
galvanometers, bifilar oscillographs, or unifilar string galvanometers. 

Fan shooting. In this method receivers are grouped at equal distances 
along the circumference of a circle, at the center of which the shot is fired. 
This gives the arrangement the appearance of a fan. An area is covered 
with a series of overlapping fans for the purpose of determining the char- 



Heilani Research Corp, 

Fig. 2~9- Kcpre«entiitivc seiBinic recording channel. From left to right: detector ; 
ihrec-Htiigci Belf-coritained ampliher; six-elcnicnt camera with six electromagiiotically 
dam pod galvanometers iiiid timing mechanism. 

at ter ef a iiKidiuin intervening between shot point and rceeiving points. 
A salt denu' or otlier high speed medium will appear as a reduction of the 
normal trav(^l time for the particular distance and area, or as a time 
^ ^lead.'’ By plotting these leads for each fan line a salt dome, anticline, or 
the like can he outlined rapidly. Usually, fan-shooting indications are 
(Jetail(^d by other geophysical metliods. In mining, the method has been 
applied to ih(^ location of gold placer (‘hamicls \vhi(‘h appear as time lag.^ 
instead ef leads. 

Refraction metliods. In refraction shooting, travel tiincNs (of first im- 
pulses) are determined and plotted as fiinetions of the distaiiu^ of re<iep- 
tors arranged in a profile. If the medium between soiircM'; and reception 
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points is homogeneous in horizontal and vertical direction, the arrival 
times will be proportional to distance, and therefore the travel time curve 
will be a straight line, its slope giving the velocity in the medium. If the 
ground is horizontally stratified and if a high speed medium occurs Ixnieath 
a low speed medium, only the first part of the travel time curve will give 
the speed in the upper medium. From a certain distance on, waves that 
have taken a ^ ^detour’’ through the lower high-speed medium will overtake 
and therefore arrive ahead of the wave through the upper medium {me 



Fio. 2-10. Wave path, Hchoniaiio r(u*()r(l, and tnivcd-iiiiit' curve* in Hingh-Uaycr r<*f rac- 

tioii ]>ru!,)lein. 

Fig. 2 - 10 ). The simultaneous arrival of the two waves will 1 k‘ indicated 
by a break in the travel time curves; the slope of th(^ sim-oikI part of the 
ravel time curve will corresioond to th(i velocity in the lower rnediinn. 
From these two veloeiti<‘s and the abscissa of th(‘ break in the travd t ime 
cairv(^, the depth of the interface may be calculate ‘d. 

If more than one int(‘rfnfM‘ ('xists, dc^pths are <‘al(‘ulat (al from tlif* cor- 
responding hrcMiks and vfdocuties. In the case of di])piiig beds th(‘ sl()p(\s 
(jf tli('. travel tini<i curve no longCM* give a true but only an a})par(mt velocity. 
Compared witli tlif; horizontal bod, an up-dip i)rofil<‘ shows a gn»at(»r ap- 
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parent velocity in the second part of the travel time curve, and the inter- 
cept moves toward the shot point. If the profile is down dip, the apparent 
velocity is less than the true velocity, and the intercept moves away from 
the shot point. Dip and depth may be obtained from 2 profiles (perpen- 
dicular to strike), one up and the other down the dip. To determine 
strike and dip, it is necessary to shoot two up- and down-dip profiles at 
right angles to each other. Interpretation of refraction data may be 
simplified where considerable velocity contrasts exist, so that the rays 
may be assumed to be perpendicular to the interfaces. This leads to 
simplified field technique, widely used in mining exploration and weathered- 
layer refiection correction, known as ^ ^method of differences/^ It in- 
volves forward and reverse shooting of a refraction profile with one re- 
ceptor set out at the end of the forward profile away from the rest of the 
units. This location serves as the shot point for the reverse profile with 
the other receptors in the same location. In most refraction problems 
interpretation is based on the assumption of straight wave paths, that is, 
uniform velocity within each medium. In areas with great thicknesses of 
unconsolidated formations, a continuous depth-increase of velocity occurs 
and manifests itself in a curved travel time diagram. In that case special 
intorx)retati()n methods are used. 

Reflection methods. Reflection impulses, or ‘^echoes,^^ always appear 
in a seismic record after the first arrivals. Since there is no way of dif- 
ferentiating between a later refraction impulse and a reflection in a single 
record a multiplicity of receivers is used in a number of shot distances. 
In a six- or twelve-receiver record, reflection impulses stand out by their 
almost simultaneous arrival (see Fig. 2-11). Important factors controlling 
the appearance of reflections in a seismogram are the placement (depth) 
of the charge and the distance between the shot point and receiver 
locations. 

Deptlis are calculated from reflection records by timing the reflections 
for a moan rcc('ptor distance, and multiplying the time by one-lialf of the 
average velocity. This is true for nearly vertical incidence. For 
greaUu’ distances a '^spread correction’’ is applied. Although reflection 
rays are curved, it is usually satisfactory to calculate depths on the basis 
of straight ray propagation. If beds are dipping, at least two profiles 
must be shot up and down dip. For the determination of dip and strike, 
two profiI(‘s at an arbitrary angle with each other, shot up and down dip, 
arc r(‘{iuii*ed. 

Relatiwi dt.^pih d(d.ermination may be made by plotting travel time 
(jiily. Tor absolut(; depth d(derminations the average velocity must be 
known. It may b(^ determined by ree.ording reflections from known 
depths, by shooting in wells, or by surveying a long reficcTioii profile at 
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the surface. If squares of travel times are plotted against squares of 
distances, the square of the average velocity follows from the slope of 



flcilauti Hvumrch 

Fig. 2-11. Wave patlis, record, and arrangement of Hoisiuic refiiM-tion party. 


.such curve*. Becau.so of the delay affecting primarily tlie rtiiiirn ray in 
the low-velocity .surface zone, a '‘weathered layer’" corretdion must be 
applied. Data for this correction are obtained by the refraction procedurt? 
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described above. Elevations are considered by a topographic correction 
to shot datum; by reducing to a regional datum, variations in the geology 
of surface beds may be allowed for. Sometimes it is necessary to make 
corrections for horizontal velocity variations. 

In practice, reflection technique is applied as correlation shooting, con- 
tinuous profiling, or dip shooting. Correlation shooting consists of placing 
individual reflection locations from one-half to one mile apart and cor- 
relating reflection depths through that distance. In continuous profiling, 
there is an overlap of reflection profiles, whereas in dip shooting, profiles 
are shot in opposite directions. It may be necessary to use dip shooting 
on horizontal, but discontinuous beds to avoid errors due to miscorrelation. 
The reflection method is at present the most accurate method of determin- 
ing depths of formations in oil exploration. 

y. ELECTRICAL METHODS 

General. Mineral deposits and geologic structures may be mapped by 
their reaction to electrical and electromagnetic fields. These are produced 
by either direct or alternating current, except where ore bodies spontane- 
ously furnish their own electrical field (self-potential methods). Elec- 
trical energy may be supplied to the ground by contact or by induction. 
The field of the electrical currents so produced may likewise he surveyed 
by contact or by induction. In respect to surveying procedure and the 
field measured, three main groups of electrical methods may be distin- 
guished : (1) self-potential, (2) surface-potential, and (3) electromagnetic 
methods. Frequently the first two groups are combined into one group 
of potential methods; the electromagnetic methods are usually subdivided 
into galvanie-clcctromagnetic and inductive-electromagnetic in respect to 
the maniKir in which the primary field is applied. 

Four fr(iquoii(!y bands may be used in connection with alternating cur- 
Kiiit (‘l(‘ctrical prospecting: (1) low frequencies of from 5 to about 100 
eyeless; (2) the audio-frequency range of from 200 to lOOO cycles; (3) high 
fr(quenci<‘s of from IQ to 80 kilocycles; and (4) radio frequency of from 
100 kil{>cy(!l(‘s to sevc 3 ral mcgacyeles. The low-frequency rangci is applied 
in most potential methods; th(‘ audio-frequency range is used in some po- 
tential and most electromagnetic methods; the high-frequency range in 
1he high-fre(iucncy electromagnetic methods; and radio frequency in the 
radio imdliods of electromagnetic prospcc^ting. The application of high 
and radio fri'quencies is limited owing to their lack of depth penetration; 
of greatest importance are the audio frequencies and the low frequencies. 
In a number of respects, electrical methods are similar to seismic methods; 
comparable to the refraction methods are the resistivity and the potential- 
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drop-ratio methods; inductive methods as applied to the mapping of 
horizontal beds are comparable to reflection methods but lack their re- 
solving power. 

In electrical prospecting, three kinds of current conduction are sig- 
nificant: (1) electronic conduction in solids (metallic minerals and ores); 
(2) electrolytic conduction (by ions); (3) dielectric conduction (by dis- 
placement current). Conductivity of rock minerals plays a part only in 
metallic ores; in most igneous and sedimentary formations ^^mincrar’ con- 
ductivities are insignificant. Their conductivity is a function of the pore 
volume and of the conductivity and amount of the water filling the pores. 
For all practical purposes it is sufficient to assume that sodium chloride is 
the only substance in solution. 

Self-potential metho'd. The self-potential method is the only electrical 
method in which a natural field is observed; its causes arc spontaneous 
electrochemical phenomena. These phenomena occur on orii bodies and 
on metallic minerals and placers; they arc produced by corrosion of pipe 
lines and on formation boundaries in wells by difference's in the conduc- 
tivity of drilling fluid and formation waters. Ore bodices whosci (mds are 
composed of materials of different solution pressure and ar(i in contact 
with solutions of different ion concentration, act as wot e(‘llH and produce 
an electrical field which can be detected by surveying (Kpiipotcmtial lines 
or potential profiles. 

To prevent interfereneo from electrode potentials set up by <‘ontact of 
metallic stakes with moist ground, non polarizable deetrodes arc useni. 
These consist of porous pots filled with copper sulphate into \vhi(*h a 
per rod is immox-sed. For the mapping of equipoteiitial lijH's, a high-r{\sisl- 
arice milliammetcr is (!orin<?cted to two nonpolarizable r()d(‘s. ( )n(* is 

kept stationary and the oth(u* is moved until th(i eurnuit vanishes. At 
that point the electrodes are on an equipotcmtial liii(‘. 

Potential profiles are run by ni(‘a.<uring pot(‘ntial diih'reiices b(G\v(*en 
successive^ ehictrode locations (see Fig. 2-12). liH.crpn'iation (F s(‘lf- 
poteritial surveys is (iiuilitative; tli<) iiegativ(‘ pcxtential (‘(‘liter may 1>(‘ 
taken with suffici(‘nt a(u*uracy to be the highest location of an or(‘ body. 
Approximate dc^pth d(it{;rminations can he made hy obs(‘rving the dis- 
tanee from the point of inuximiiin potcmtial to th(^ half-vahu^ point in the 
potential curve. Iiiterpietative advaiitagCNS are oft on gaiiud by plotting 
the results in the form of eurnmt-clensity curv(‘s which are ol)tain(‘(l from 
the potential curve by graphical difl(ii*<mt ialion. 

Ei^uipotential-line and potential-profile methods. . Wlum a sourc<‘ of 
electrical energy is grounded at two points, an el(‘(*trical field is producc'd. 
Distortions of this field result from the prcs(;nce of bodies of (liff(*r(*nt 
conductivity; good conductors will attract the lines of fiux, and vice ven-sa. 
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As it is difficult to survey these lines of flux, lines of equal potential, that 
is lines along which no current flows, are mapped instead. In practice 
power is supplied to two grounded electrodes from- an alternating current 
generator. Two types of primary electrodes may be used: (1) point elec- 
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Tig. 2-12. Solf-potentijil mapping (schematic). 


trodcs, .so laid out that their base line is in the direction of strike, (2) line 
electrodes laid out at right angles to the strike. I'kiuipotcntial lines are 
surveyed witli one fixed and one imving probe which are connected to an 
audio amplifier “with head phones. Greater detail is obtainable by the 
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use of so-called ^‘compensators,” which measure the voltage between the 
search electrodes in terms of generator voltage and phase, or split it up 
into one component which is in phase and another which is 90° out of 
phase Avith the generator voltage. Interpretation of equipotential-line 
methods is largely empirical and makes use of the displacement of the 
lines from their normal position. More quantitative interpretation is 
possible by comparing the field results with laboratory experiments made 
on small scale models. Because of the fact that in stratified ground the 
conductivity is generally better in the direction of the bedding planes than 
at right angles thereto, it is possible to use equipotential-line methods for 
structural and stratigraphic investigations. Since an equipotential line 
near one electrode Avill be elliptical instead of circular, the direction of the 
major axis indicates the direction of strike. 

Resistivity methods. Equipotential-line methods, while useful for the 
mapping of vertical or steeply dipping geologic bodies, are not suited to 
the investigation of horizontally stratified ground. Conversely, resistivity 
methods are applicable to depth determinations of horizontal strata and 
the mapping of dipping formations. 

In resistivity procedures not only the potential difference between tAVo 
points but also the current in the primary circuit is observed. The ratio 
of potential difference and current, multiplied by a factor depending on 
electrode spacing, gives the resistivity of the ground. True resistivities 
are observed in homogeneous ground only; the presence of horizontal or 
vertical boundaries in the range of the instrument gives what is known 
as ‘‘apparent” resistivity. The arrangement in most frequent use is th(i 
four-terminal Wenner-Gish-Rooney method (see Fig. 2-13). Hesistivity 
methods may be applied in two ways: (1) Avith constant (ilectnxle separa- 
tion (that is, constant depth penetration), called resistivity “mapping”; 
(2) with fixed center point and progressively increasing electrode .sc^para- 
tion, called resistivity ^^soimding,” whereby the appanuit r<‘sistivity is 
observed as a function of electrode separation and therefijre of d(‘[,)tli. A 
modification of the resistivity mapping method is us(‘(l in (‘h^ctricnl logging. 

Interpretation of resistivity data may be qualitative! and quantitative*. 
The qualitative method uses the appearance of tlu! (uirvc^s aiul is a|)f)li(‘(l 
primarily in resistivity mapping, a drop in apparent resistivity indicating 
the approach of bodi(‘S of better conductivity, and vice versa. In n^sist i\'- 
ity sounding, the horizontal variation of apparent resistivity is iiit(‘rprct(‘{l 
in terms of tlie ecpiivalcnt vertical variation of r(‘sLsiivity ; h<)\vev(M’, th<! 
curves do not have sharp breaks at formation l)oundaric\s. Btnictural 
correlations are sometimes possible by comparing curves throiigli a sc'ries 
of locations. When only one or two formation boundaries are effective, 
direct depth determinations arc possible hy comparing the field data with 
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curves calculated for given conductivity ratios and for various 
possible depths. 

Poteatial-drop-ratio methods. The essential feature of the resistivity 
methods previously discussed is a determination of the potential difference 
between two points at the surface and a measurement of the current in 
the external circuit. In potential-drop-ratio methods current measure- 
ments in the external circuit are not made and the potential drops in two 
successive ground intervals (represented by three stakes arranged in. a 



Fi(}. 2-13. Resistivity and poteatial -drop-ratio mapping (schematic). 


straight lin(‘, radiating from one of the power electrodes) are compared. 
Th(i j)()t{uiitial-drop- ratio method is best suited for the location of vertical 
formation boundaries (faults, dikes, veins, and the like). The arrange- 
ment used for the comparison of the potentials is a modified A.C. Wlieat- 
ston (3 bridge; the two external stakes are connected to two resistors (with 
condensers in scries or parallel) 'whose center tap connects through the 
indicating insiriiineiit to the center stake. AVlien this arrangement is 
moved across a vertical formation boundary, a potential-drop ratio greater 
than one is obtained when proceeding from a medium of lower resistivity 
toward a medium of greater resistivity, and vice versa (see Tig. 2-13). 
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Other potential methods. Surface potential mcasiireineiits may be 
made not only with continuous direct or alternating current but also by 
the use of transients, such procedure being known an ^'Eltran/' The 
electrode arrangement is similar to the resistivity method. In pri- 
mary circuit, impulses are applied to the ground and the time change of 
the potential between two stakes (usually placed outsider the two curnuit 
stakes) is measured with an amplifier and cathode-ray (nscnllograph. 
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Fig. 2-14. Semiabsolute and relative elcMitroixiasiuHin proHiKictiniz: nielbods 

(sclicniaticjj. 


Electromagnetic-galvanic methods. Itloclroinagnet ic methods of (d(‘c- 
trical prospecting differ from ])otential inrdliods in that tin* (‘If'ctroinagiiot ic 
field of ground currents and not their surfaei^ pol(‘nli!il feleetrieal field) is 
moafiiircd. They fall into two inajijr groups: (I) (dfu-frornagiKUic- 
‘^galvanic’^ methoeJs in which the primary (‘luu’gy is siippliful by (‘oiitact as 
in the potential methods; (2) (*l(‘ctroinagn(‘tic-‘hncluctiv(‘'’ iiKdhods in 
which the ground is energized by induct ivw coupling (with irisuhited loops). 
To supply electrical energy to thf* ground by contact, linf‘ (‘hwlroih's or 
point electrodes are used. Line electrodes are laid out at right angles to 
the strike, point electrodes parallel with the strike. 
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Numerous methods are available for measuring the electromagnetic field. 
The simplest procedures involve a determination of direction only or of 
the absolute values of the horizontal and vertical components by using a 
vacuum-tube voltmeter in the output circuit of an amplifier connected to 
a reception frame. A determination of the in-phase and quadrature com- 
ponents of the field is possible by the use of the compensators previously 
described (see Fig. 2-14). These are connected by a pair of leads to the 
source of the primary power and thus determine the electromagnetic field 
in terms of the current and phase of the primary circuit. Finally, the 
ratios of field intensities and their phase differences at successive points 
may be measured by dual coil arrangements and 'hatiometer’^ bridges 
(see Fig. 2-14). 

Interpretation of results obtained with the electromagnetic-galvanic 
method is both qualitative and quantitative. In approximation, lines of 
equal direction of the field vector (in horizontal projection) may be as- 
sumed to represent fiux lines which are attracted by bodies of good 
conductivity, and vice versa. If the current is concentrated in a good 
conductor and flows along its strike, then the horizontal component will 
have a maximum above the current concentration. The vertical com- 
ponent will be zero at a location immediately above the concentration and 
will have a maximum and minimum, respectively, on either side of the 
eoncciutration, their distance being equal to twice the depth. 

Indications are also obtained from induction currents concentrated along 
the edgc\s of a subsurface body. Therefore, in the case of an ore body of 
some width, the horizontal intensity will show not merely a maximum over 
the center but a maximum and minimum, respectively, over the edges. 
This, strictly speaking, comes under the heading of electromagnetic- 
inductive methods described in the next paragraph. 

Electromagnetic-inductive methods. In inductive procedures power is 
supplied to the ground by insulated loops which will cause induction cur- 
rents to [low in subsurface conductive bodies. An advantage of inductive 
methods is the <'ase with which power may be transferred into the ground 
\vh(‘n the surface formations are poor conductors. Since currents induced 
ill the siihsiirfiice conductors arc dependent on frequency, interpretative 
advantages may be gaiiud by regulating the frequency. 

Ilowiiver, ihmi arii limitations to this procedure. Too low frequencies 
will recliKu; the siituigth uf tlici induced currents, while too high frequencies 
lack dc'pili penetration and cause interference from near-surface iioncom- 
nuu:*cial (‘onduetors and from topography. Frequencies usually applied 
in mining, range from 250 to lOOO cycles; in structural exploration the 
range is from 25 to 200 cycles. The other extreme is represented by the 
high-frequency methods using several tens of kilocycles which have been 
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practically abandoned on account of the limitations inentionecl In indue- 
tive methods a horizontal or vertical loop may be employed. The formcn* 
afford the most effective coupling with horizontal subsurfa(*<^ (*oiKlnetors 
and are used in the form of long cables and rectangular or circulai- loops. 
Theoretically vertical loops would be more suitable for stc^cply dipping 
bodies, but they are difficult to handle. For the measurcnKmt of the 
electromagnetic field, the same procedures are used as d(NS(*rib(Hl t)efore 
in connection with the electromagnetic-galvanic methods. 

Interpretation methods in electromagnetic-inductive exploration d«‘p(md 
to some extent on the purpose of the survey and the genc^ral slmpe and 
disposition of the subsurface conductor. In wide and steeply dipping 
conductive bodies the electromagnetic field is due primarily to currents 
flowing along the edges. Hence, the horizontal component will show a 
maximum and minimum, respectively, over the edges; a minimum in the 
vertical component will occur over the center. Depth calculations of the 
eqtuivalent current concentrations are based on tlu^ relations discussed 
before in connection with electromagnetic-gal vanic^ methods. 

Inductive methods, using separate measurements of the in-|)has<‘ and 
out-of-phase components, have great interpretative advantages. The 
in-phase component is largely duo to the field-supplying loop, whil(^ the 
out-of-phase components result from the induced subsurface curr{*nt con- 
centrations. In horizontally stratified ground, interprf‘tation is usually 
based on the out-of-phase components. If a very good conductor oceiu's 
in horizontal position, the surface anomaly is largely due to thf^ rcfieetiori 
of the primary cable on the conductor, with a phase change of .180°. Dept h 
determinations of this conductor are, thcTefore, |K>ssil)lc by locating the 
^'image/^ of the primary cable from the trend of tlic horizontal intensity 
curve. Attempts have also been made to determine r('sistivities of sub- 
surface formations and their variation with depth l>y using a horizontal 
circular loop of gradually increased radius. Th<‘ (|uadratur(‘ coinpoiient 
in this case depends on resistivity and frequency, d<q)t li pcTudration being 
controlled by the radius of the loop. As in most otlun’ (dc^etrical irndii- 
ods, interpr(Tation of results obtained with induct! v<‘ iruHliods is aifl(‘d 
greatly by model experiments. 

Radio methods. Since radio methods employ fre(|uen(‘it‘H still higlier 
than the high-frequency- inductive methods, they arci suhj(‘(‘t to th(^ same 
limitations. In one group of radio methods the (ffeet of subsurface eon- 
dxictors on the emission (diaractcristies of a transmitter is o!)serv<‘cl. In 
a second group a receiving arrangeimmt is c^mploycd in additiori to thf* 
transmitter, and the variation of field intensity with location is iii(MiSur(‘cI. 
This will give some idea of the absorption, interference, and reflect ion 
that the waves may have undergone along their path from the trans- 
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mitter to the receiver. la the catgigory of radio methods beloag the so- 
called 'treasure finders.^ ^ These are portable iastruments for the location 
of shallow metallic objects, pipe lines, and the like. 

VI. GEOPHYSICAL WELL TESTING 

Geophysical well-testing methods may be divided into four groups: 
(1) electrical testing methods, known as ^ ^electrical logging”; (2) temper- 
ature measurements; (3) seismic measurements; and (4) miscellaneous 
measurements of radioactivity, rock magnetism, opacity of drilling fluid, 
and so on. 

Electrical logging methods. Electrical logging methods fall into two 
groups: (a) methods calling for the application of ah electrical field, which 
furnish the resistivities of the formations traversed; and (5) methods 
in which spontaneous electrical potentials are observed. The latter will 
give data regarding the porosity of formations. Numerous arrangements 
have been proposed for the determination of resistivities in wells. The 
system most widely used is the Schlumberger procedure. Three elec- 
trodes are lowered into the well and the fourth is the casing at the surface 
(see Fig. 2-15). Current is supplied to the casing and the lowest electrode, 
and the potential difference between the two other electrodes is recorded. 
The resistivities thus obtained are not true formation resistivities but 
apparent resistivities which are functions of the electrode spacing and of 
the absolute resistivities involved. Electrical logging makes possible the 
correlation of formations by their resistivity parameters, and the loca- 
tion of water- and oil-bearing strata. In some wells it has been found 
that the resistivities are a true indication of the productivity of oil sands. 

In the second group of electrical coring methods spontaneous potentials 
are observed. These are of two types: (1) electrofiltration potentials 
(caused by movement of fluids through porous formations), and (2) con- 
centration potentials (caused by difference in ion concentration of drilling 
fluid and formation water). Spontaneous potential records are valuable 
in connection with resistivity logs. A high resistivity may mean a lime- 
stone or an oil sand, but high porosity will eliminate the limestone from 
the picture. 

Temperature measurements. It is generally known that there is an 
increase in temperature with depth of penetration into the ea^th^s crust. 
However, this temperature variation with depth is not uniform; it depends 
not only on the local geologic and stratigraphic conditions but also on the 
presence or absence of heat developed by physical and chemical actions 
of the formation fluids. As the heat conductivity of beds is greater in 
the bedding planes than at right angles thereto, uplifts of sedimentary 
beds and salt domes will generally result in a rise of well temperatures. 
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Chemical and physical processes responsible for changes of the normal 
temperature gradient are: the transformation of anhydrites to gypsum; 
the oxidation of sulfides; the influx of water, oil, and gas into thc^ hole; 
and the heat developed by the setting of cement behind the w(4l easing. 



It is clear, tlnuxlon*, that leinptu'at unMinnsureiiKUits in W(*ll.s will furnish 
Yaluablcduformation in cojiiKM'tion with tin* location of oil, gas, and watia- 
k‘aring strata, eerneniiitioii ])n)bl(*ins, and so on. ( 4 )rndatioii of tem- 
perature curves obtained in a stales of w<'lls will give valmii)l(* chn^s to 
geologic structure. 
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Seismic measurements. Seismic measurements in wells are made for 
two purposes: (a) to supplement surface refraction, data, and (&) to obtain 
average velocity data for reflection shooting. In both, applications a 
vibration detector is lowered into the well to the depth desired and shots 
are fired at the surface. In wells drilled into or near the edge of salt 
domes, it is thus possible to obtain valuable information in regard to 
presence of overhang and the behavior of strata along the flanks. In 
order to make absolute depth determinations in reflection shooting, it is 
desirable to know the velocity of seismic waves at right angles to the 
bedding, which is likewise determined hy firing several shots at or near 
the well at the surface, with a detector lowered to various depths. 

Miscellaneous measurements. The radioactivity of strata traversed 
by the well may be determined hy lowering a small ionization chamber 
to the desired depth. Magnetic well investigations are generally confined 
to determinations of core orientation. Acoustic measurements are made 
in deep wells for the location of gas and water flows. Gas detectors, 
when used in connection with shallow holes, permit of locating leaks in 
gas mains. 

VIL MISCELLANEOUS GEOPHYSICAL METHODS 

Radioactivity methods. Application of radioactivity methods rests on 
the fact that zones of shattering in the earth’s crust, such as faults and 
fissures, will allow passage and accumulation of radioactive disintegration 
products. Owing to the limited penetration power of radioactive gases 
and radiations, the depth range of these methods is limited. It does not 
appear to be necessary for the channels of radioactive products to remain 
open. If they have become mineralized, it is nevertheless possible to 
locate them by increased activity ; hence, there is a possibility of locating 
sulfide and ottier veins by measurement of radioactivity. Some shallow 
oil d(‘po.sits emit radioactive radiations because oil is an absorbent of 
radon. It goes without saying that radium ore, such as pitchblende 
and the other uranium compounds, may be located by radioactivity 
measiunmierits. 

Kadioactivity methods fall into two groups: in the first the relative 
(‘oritent of radon in the surface soil is determined; in the second the 
p(‘n(‘trating radiation of radioactive disintegration products is measured. 

Hydrocarbon (soil and gas) analysis. Oil seepages and gas emanations 
havc‘ stn’vc'd for decades as indications of oil deposits. These macroscopic 
(^xaniinatiori methods have been supplemented recently by microscopic 
procedures for dedermining small amounts of hydrocarbon in the soil air 
and in the soil itself. The air from shallow holes is pumped into a gas 
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detector which may be of the hot filament type or which may indicate 
the amount of carbon dioxide liberated on combustion of the hydro- 
carbons contained in the air. These detectors do not differentiate be^ 
tween methane and the heavier hydrocarbons. In soil analysis methods, 
on the other hand, the soil samples are degassed and the gases passed 
through an analytical apparatus, where their constituents are separated 
by low-temperature distillation and combustion into methane, ethane, 
and the heavier hydrocarbons. Soil samples may also be extracted l)y 
suitable solvents, and their content in socalled pseudohydrotuirbons (soil 
waxes, and the like) may be determined. Several of the known oil fields 
have been found to be characterized by a corona or halo pattern of the 
significant heavy hydrocarbons. The pseudohydrocarbons and methane 
appear to follow a similar, though less regular, trend, methane being 
possibly least significant, since its distribution may be affected by near- 
surface decomposition processes. 

Dyaamic ground tests, strain gauging, vibration tests. Building sites 
may be tested by setting them into forced vibration and measuring th(ur 
amplitudes at any desired points by vibration rf‘eord(‘rs as functions of 
frequency, thereby determining their natural fr(‘(iu(‘ncy and damping. 
Experience appears to indicate that the former fr(H|uently coiiieicle with 
their predominant response frequency to earthcpiake viliration.^. Hoiicc, 
any structure to be built on such ground should be so (lesign(*d that reso- 
nance between structures and ground is avoided. 

Strain gauging is a comparatively new field of g(io|)hysi(*.<. Its jjurposc 
is the measurement of small displacements betw(‘en adjacent portions of 
ground in underground openings such as tunnels, rnim* shafts, and the 
like. Continuous recording of strains in subsurface openings and of Winr 
fiuctiuitious with time makes it possible to pr(‘dic*t roof and wall failures 
and to guard against tlicnn. 

Thc3 purpose of vibration tests is to determine the inaf>;nitudi‘ and ohar- 
acteristics of vibrations set up in buildings by trafFie, inini* ofMU’at ions, 
blasting, and so on, by one or morai vibration recoi*d(‘rs s(‘t up at \'!iri<)us 
distances from the source of the distmhanec* or in vfirious stories of tin* 
building. ]i(\sulis of such tests liave j)laye(l no uniinjyort aiif pari in 
settling dispute's arising from damages claims in coniuH-tion with indust rial 
operations. 

Acoustic methods. Acoustic methods an^ conc(‘rne<l with tlio t runs- 
mission and reception of audibli^ sounds in* the aii*, in water, and in the 
ground. Tlieir purpose is eoininunieation, })osition finding, sound rang- 
ing, direction finding, echo sounding, and, indirect ly, the eollcct ion of data 
for noise, prevention. For communication or signaling, transmitters of 
suitable frequency and directional characteristic are reepnred, depending 
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on the medium. Position jSnding is the procedure of determining one’s 
location by distance nxeasiiremeats from two acoustic sources of known 
coordinates or, an in radio-acoustic position finding, from one source 
transmitting a simultaneous radio and acoustic impulse. Conversely, 
sound ranging is the location of a source of unknown position by acoustic 
triangiilation, that is, by recording sound impulses on receivers of known 
positions. By direction finding is meant the determination of the direc- 
tion of sound by a rotatable base with two receivers (binaural hearing) 
or with multiple receivers equipped with electrical delay networks to 
balance their phase differences (compensators). Echo sounding is identi- 
cal in principle with reflection shooting described on page 24, except that 
because of the homogeneous character of the medium of propagation 
(usually water) the devices may be so made as “to indicate or record depth 
directly. Noise prevention extends into the fields of architecture, building 
construction, industrial activity, vehicle traffic, and sound insulation of 
military conveyances.* 

Military and peacetime applications of acoustic methods are numerous 
and are covered in Chapters 6 and 12 in greater detail. 



3 

MEASUREMENT PROCEDURES IN GEOPHYS- 
ICAL EXPLORATION 


I. SIGNIFICANCE AND MEASUREMENT OF PHYSKJAL 
QUANTITIES INFOLVED 

In GEOPHYSICA.I. EXPLOEATiON geologic bodics uHs locatccl by surfa('(^ 
observation of their physical fields. What type of pliysical field is (‘d 
as being the most characteristic of a subsurface body depciids entirely 
upon what rock property is most characteristic of that body. The eboica* 
of which field parameter is used, in tiini, is determined by four faetors: 
(1) distinctiveness of response; (2) ease and rapidity of field det<'rmi nation ; 
(3) accuracy; and (4) freedom from intcn-fercmcc (of surface oi- snbsurfni-e 
origin). 

Notwithstanding the widely varying nature of phy.sieal fields (»bserv<'(l, 
there is a definite similarity in the parameters measured by various meth- 
ods. Broadly interpreted, geophysical methods fall into two gr(>u])s: 
(1) methods in which the propagation of a field with time (and local ionj is 
observed; (2) methods in which the characteristics of slationary and (pmsi- 
stationary fields are measured. Virtually all seismic and oertiiiti elect rical 
methods fall in the first group. Relat<‘d in principle* are ( hose mot ho(b in 
which the variation of a fi('ld with time is ob.serv<‘d. In this gniiip fall 
the majority of the “recording” methods, sueli as the ohseivatioii of time 
variation.s in gravity; of magnetic variaiion.s, of fluctuations in eloctrie 
currents produced by corrosion of pip(!s, and .so forth. Tbeiv an* .some 
methods in which quantities related to time for example, phn.'^o shift and 
frequency — are measured (A.(h potential and elect roniagnetic method and 
dynamic soil testing method); however, as they openili- with (piasi-sla- 
tioiiary fidds they arc; dismissed in tlu* following group. 

Most geophysical exploration is eoneiaiKul with stationary and qiia.'i- 
stationary fields, such as in tin* gravitational, inagnotic, s(df-]Hitonf ial, ami 
other electrical prospecting methods. It is liere that similarities in the 
selection of a suitable field paranu'tt'r and method of observation may la* 
most readily observed. In these methods we usually work with fields 
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which have a potential and are characterized by four parameters : (1) the 
potential itself; (2) the potential gradient, or field intensity; (3) the direc- 
tion of the field; and (4) the field gradient and its direction (second deriva- 
tives of the potential). Derivatives of the potential higher than the second 
are rarely, if ever, measured in geophysical exploration. Interpretative 
experience indicates that the distinctiveness and therefore the resolving 
power of a method increases with the order of the potential derivative. 
However, accuracy requirements and the field diflS.culties also increase. 
Measurements of absolute potentials are rarely undertaken. They 
probably would accomplish no useful purpose in gravitational and mag- 
netic exploration. Potential measurements in electrical prospecting 
actually involve a determination of potential difference, potential gradient 
or electrical field strength. 

The first derivative of a potential is measured in most methods em- 
ploying stationary or quasi-stationary fields. In gravitational exploration, 
the first derivative of the gravity potential with respect to the vertical — 
that is, gravity — is determined in a number of ways, particularly by 
pendulums and gravimeters. The horizontal derivative (horizontal 
gravity component) , is not measured directly,^ although there is no reason 
why instruments for this purpose could not be developed and perform a 
useful function. In magnetic exploration, the derivatives of the magnetic 
potential in almost any desired direction can and have been measured. 
Instruments have been developed for the determination of the total inten- 
sity and its vertical and horizontal components. However, the vertical 
coinpanent has been found to be of the greatest diagnostic value. In 
electrical prospecting, potential difference and therefore electrical field 
stnuigth is determined in the self -potential, the potential profile, and the 
resistivity methods. Intensities of electromagnetic fields are observed in 
the electromagnetic, the inductive, and the high-frequency methods of 
electrical prospecting (although these fields do not derive from a potential). 

As far as technique is concerned, simple conditions prevail when merely 
th(^ dinclion of a field is observed. This is done in magnetic exploration 
by inc^asuring declination and inclination and in electrical prospecting by 
traeing <‘ciuipot(*ntial lines and by observing the minimum-signal position 
of a reception coil. However, direction observations are less readily 
interpreted than intensity measurements; hence, the latter are usually 
given preference. 

M(!asurem(uits of second derivatives of a field potential play an impor- 


^ This component may be obtained indirectly from torsion balance observations 
by pjraphical integration of curves representing the horizontal variation of curvature 
values. 
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tant part because of their greater resoMng power. la practice this 
advantage is sometimes offset by increased difficulties in technique. The 
best-knowa example of this method is the torsion balance, Observations 
of second derivatives have heea made in magnetic exploration by an 
adaptation of the earth inductor. In electrical prospecting it has been 
fomad advantageous to measure the ratio of fields in successive intervals 
rather thaa to measure their gradients. This advantage is due to the ease 
with which ^ 'ratio’' bridges can be designed. Examples are the potential- 
drop-ratio method and the determination of the ratio of electromagnetic 
fields with dual coil arrangements. 

As stated at the outset, preference is given to field parameters which 
can be measured with the greatest accuracy as well as ease and rapidity; 
lienee, the tendency to measure physical fields relatively and not abso- 
lutely whenever possible. The terms '^absolute/’ and "relative’' arc 
somewhat difficult to define in geophysical exploration, since most quanti- 
ties, which by their nature can be determined absolutely, may with greater 
ease be observed relatively by reference to a fixed point or base station. 

Absolute procedures include measurements of direction (magnetic 
inclination and declination, equipotential lines, dip and strike of induction 
coils), time and distance (sei.smic refraction and reflection mcasurementB), 
and electric voltage (as in electrical potential methods). 

Semiabsolute procedures arc those which measure a physical paranHjtcr 
by comparison with another which is assumed to remain constant for a 
reasonable interval of time. Examples are: relative gravity 
ments, made with the assumption that the pendulum length n‘inairis 
constant; magnetometer measurements, made by comparing the V{‘rti(‘al 
intensity with the presumably constant gravity; th(i gnivinKqfT, whose? 
reliable functioning depimds on the constancy of tin' elastic cornparisr)!! 
force; and many others. 

Relative procedures involve i)hy.sical mcasiin urn sits by a<‘tnal eon- 
nectioii of th(> detoetiiig iiiiii with a similar unit loeat(uI at a rchu'ence 
station or an adjacent ground intcTval. Kxaniph's an^: thc‘ Iraiisniission 
of the oscillation of a roferfuice gravity ixuidulum from a l>as(‘ station to a 
fi(‘ld station; the magn(‘tie f'artli-indiictor gradionud er*; tlu^ potent ial- 
drop-ratio method; tlie comparison of (krtromagiHd i(‘ fubls with tlm 
amplitu(I(‘ and phase of the current in thc' gcuKa’afor eircuit by eonipfui- 
sator arrangcunents; and twahcoil rationndiu* bridges for a comparison of 
electromagnetic fields with n^spewt to amplitmh* an<l phas(‘ at su(‘ces.siv<* 
|)()ints. It is s('en that by siicdi procedure's time variations of coinparison 
paramciters lire virtually eliminated. 
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II. ARRANGEMENT OF OBSERVATION POINTS WITH 
RELATION TO GEOLOGIC OBJECTS 

In geophysical exploration, the objects of detection are geologic struc- 
tures or naineral deposits, and the detecting units are usually spread out 
along the earth's surface. This is done (1) to determine the Yariation of 


Table 3 

PROCEDURES OF MEASUREMENT IN GEOPHYSICAL EXPLORATION 


Object 

Detector 

Measttrbment 


Stationary; hiori- 
zontal position va- 
ried, or multiple 
detectors used. 

Gravitational, magnetic, seismic, electric 
surveying on land, in shallow water, and 
underground; radioactivity measurement, 
water- and gas-pipe leak detection, and 
corrosion surveying; model experiments 
in laboratory. 

Stationary. 

Stationary; verti- 
cal position varied. 

Scaffold or underground observations, well 
shooting at different levels; electrical and 
geothermal well surveying; vibration tests of 
structures at different stories. 

• 

Moving; vertical 
and horizontal po- 
sition varied. 

Gravity and magnetic surveys on ships, 
floats, submarines; magnetic surveys in ve- 
hicles and aircraft; resistivity surveys from 
ships and floats; other electric surveys by 
aircraft; echo sounding from ships. 


Stationary; posi- 
tion not varied. 

Determination of physical properties of 
rocks on outcreps or samples in laboratory; 
vibration tests on structures. 

Moving. 

Stationary or 
moving. 

Acoustic and thermal submarine and air- 
plane detection; iceberg location. 

Measurement 
of variation 
of physical 
(liiaiititics 
with time. 

Stationary; record- 
ing. 

Recording of magnetic variations, of corro- 
sion voltage fluctuations, and of traffic 
vibrations, sound ranging; strain gauging. 


l,h(! physical <iniintiti(w measured between points and to ohtainaclueto the 
pr<>seiK:e or absence of a geologic body; and (2) to determine the depth of a 
formation if it r(jinain.s in horizontal position throughout tlio length of a 
profile. The first operation falls under the heading of geophysical ma'p- 
ping; tlus second is known as geophysical sotpiding. By far the greater 
portion of all geophysical work is done by means of surveying processes 
on land, in shallow water, underground, or on small-scale laboratory models 
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with miniature detecting units. As depth to geologic bodies is com- 
mercially a most desirable quantity, wells are used whenever possible. 
Examples are: seismic determination of average vclocitie's; measurement 
of resistivity, temperature, and radioactivity in •wells; and observations at 
different levels of mines. Although attempts have been made to survey 
from moving supports (automobiles, ships, floats, submarines, and plane.s) 
little has been accomplished along this line, since measurements on mcjving 
supports introduce a reduction in accuracy. The present trend in geo- 
physics is more toward accuracy than speed. The use of moving objects 
and moving detectors plays a part in the military and oceanographic fields 
of geophysics. Stationary detectors for determining variations in physical 
effects of stationary objects are used in the recording of magnetic variations, 
corrosion voltages, traffic vibrations, strain gauging, sound ranging, and in 
small-scale laboratory investigations where model ore bodies may be used 
and detectors remain stationary. Table 3 gives a summary of these 
procedures. 
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GEOPHYSICAL METHODS IN OIL 
EXPLORATION 


T HE FOLLOWING CHiPTBR is intended to assist the operator in the selection 
of the correct geophysical method when prospective oil territory is to be 
surveyed. It contains a discussion of (1) the general possibilities of 
geophysical methods, with chief reference to new areas where the expected 
type structure is unknown; (2) the choice of methods for specific ty^es of 
structures; and (3) other nongeological considerations in the selection of 
methods. 

If nothing whatever is known about the geology of an area, the most 
expedient procedure is to make a magnetic reconnaissance survey with 
widely spaced stations. This may be expected to indicate the topography 
of areas of the basement rocks, provided they are uniformly magnetized. 
After promising high areas have been located, the magnetic discoveries 
should be followed up (preferably by seismic-reflection methods) to deter- 
mine whether the basement uplifts are accompanied by structure in the 
overlying sediments- In certain areas magnetic anomalies may also be 
caused by magnetic sediments. Cases have been known where salt domes 
have furnished magnetic indications, and where anticlines and faults could 
be traced by virtue of the presence of magnetic beds in the stratigraphic 
s(!ctions. If the basement rocks are not uniformly magnetized, a magnetic 
high may simply mean an area of greater magnetization or an area occupied 
by more magnetic rocks. In some instances it has been found that the 
magiKitization wa.s th(! reverse of that normally expected and that magnetic 
highs indicated .structural lows. 

Where magnetic anomalies have no structural significance, it is necessary 
to use other reconnaissance methods— for instance, the gravitational 
mc^tliod. A survey made with pendulums or gravimeters can generally be 
depended upon to depict fairly accurately the major structural trends. 
In a fcjw instances it has been found tliat gravity highs do not reflect 
geologic structure in the oil-hearing strata. In such cases the work lias to 
be conducted by methods, such as seismic refraction or reflection, which 
rely only on the structure in the sedimentaries. 

43 
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The refmctioii method has deifinite possibilities in virgin areas as a means 
of stratigraphic analysis of a section. As a means of finding salt domes, 
its use has decreased considerably on the Gulf coast in favor of gravity and 
reflection-seismic work. Some oil companies still retain the use of the 
refraction method for work preceding or accompanying reflection work if 
the section to be followed out does not exceed 6000 feet in depth. Beyond 
the distances required for such depth penetration (about seven miles) 
difficulties in transportation, handling of dynamite, and therefore operation 
costs generally increase out of proportion to the results achi(^ved and detail 
of information obtained. 

Tor detail, the reflection method is unquestionably the most widely used 
geophysical technique; it works best on low-dip structures but (uicounters 
difficulties with beds of complex faulting, folding, and steep dip. Com- 
pared with many other geophysical methods, it has the advantage of giving 
positive depth information. Because of the fact that sevuuul reflecting 
beds may be mapped in one area, this method gives data in r<‘gard to 
lateral variations of the thicknesses of formations and pcwinits the? follow- 
ing of unconformities. 

As aptly expressed by Barton,^ ^‘Geophysical orientation in regard to an 
area is as necessary to the geophysicist as geological orientation is to tin? 
geologist.’’ The geok;gist must acquire a knowknlge of tlie geufoul .stra- 
tigraphy and regional stnietur(i cjf an area and inu.st liuirn tin* nd.ation of 
particular features to the regional geology befor(‘ he can b<‘gin to (‘vahiatc? 
the significance of local structure in r(?spe(*t to its potential ])roduct ivity. 
Likewise, the? geopliysicist should first invc.stigato tlu^ g(‘neral magnetic, 
gravitational, seismic?, and electric charac?t(?rLstic.s of an aresa from a regional 
point of view bc‘fore he can begin to evaliiat(? the* locjil signifi(‘ane{‘ of 
goophysicnil ancjinalies. Moreover, the regional g(‘ologic'al featun's must 
he correlated with the regional geophysical fcait tire.s. It often tak(*s 
ccmsiderable time? until cc'rtain inagnc?ti(* and gravity anoinali(‘S, s<‘isnii(‘ 
v(‘locnti('S, r(‘fIectioii traved tim(*s, and (‘I(?etrieal logging indiealifiiis can bf* 
definitely ti(?d wp with specific formations or gronp.s of formations. The 
geophysicist fivciucutly must wait for th<‘ driller IxTore he can eompleto his 
eorrcfiit ions. 

Th(? task of choosing iindhods foi* la^’orniaissanee and for didail wliieh 
will give the most relial)l(? information at lf‘ast (‘xpense is favilitat (•<! if it is 
defiiiit(?ly known what typ(M)f giadogic struetun* will In* c‘M(*ouut (uvd in a 
given area, and if gc^opliysieal mea.snrcunfails h«‘i\'f‘ Ikmoi inafh* on a known 
field. When gr^ophysical midhod.s wen‘ first introduced in oil prospoiPing, 
practically eveay medhod was first {rical on known st nietnir. In exph )ring 


^ A, E, Dunston, cl at., The Science oj Pelrolcfim, O.Kff>r(l Uiii vcrsil.v (li).SH). 
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a new territory it is still advisable to start with, and work away from, 
known conditions. If the type structure to be encountered in a given 
area is known, a selection of the most advantageous method is much 
facilitated. In Fig. 4-1 a schematic representation of reconnaissance and 
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Kiel. 4-1 . Geophysical methods in oil exploration. 


detail methods for definite geologic conditions is given. Oil structures are 
divided into the bedter-known types of tectonic, volcanic, salt, and buried- 
ridge structures, with schematic illustration of the geologic forms. It is 
seen that for the tectonic-type structure the magnetic method is first clioice 
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for reconnaissance, provided it is expected that basement rocks are some- 
what conformable to the structure in the scdiinentaries, or i>rovide(l some 
of the sedimentary beds are magnetic themselves. Second and third 
choices, respectively, in structure exploration are refi(Hiti()n"S(dsmie and 
gravity methods. Por detailed surveys, reflection work is first ch()i(iCy 
torsion balance and gravimeter second. 

The reflection method has had the most brilliant success i!i Oklahoma 
for mapping the Viola and Hunton (Ordovician) limestone topography 
and has been applied in most other petroliferoxis areas in the IJnit<*d Stakes 
and abroad. There are comparatively few prospective oil tcnTitoric^s that 
cannot be worked with reflection methods. 

For general structural reconnaissance, gravimet(ir surv<‘ys to lo(;at<^ rcv 
gional structural trends have been and are being conductcnl on a large 
scale along the coastal belt of the Gulf and in the northern parts of Texas 
and in the mid-continent. The torsion balance lias successfully locate ni or 
detailed general structure- type fields in Texas, Oklahoma, ( California, 
Mexico and other states. For the fault-type of striK’.tiirc^, magnetic 
methods are probably not recommendablc for first pla(‘e in rcMionnaissancc^ 
surveying. Even if basement rocks are exp(‘cted to l>e somewhat con- 
formable to the oil-bearing series, they usually arc too far away to furnish 
satisfactory information regarding faults — that is, faults of such throw as 
to be of importance in oil work. However, there arc some* faults wliicdi 
give a magnetic expression without apparent assocnation with igneous 
rocks—the indication being directly above the fault plane. I n tin * al 
of a definite explanation for this phenomenon, magnetic irndhods should 
be relegated to second place for reconnaissance, wliik^ first plac(‘ probably 
would be given to reflection and possibly torsion-)>alancc^ imdhod.s, for 
both reconnaissance and detail. Application.s of tln^sc two methods to lh(‘ 
location of faults have been numerous in cnl areas of this (‘ountry and 
abroad. 

In eases where oil occurrence is associated with volcanic intru.sion.s or 
dikes, the magnetometer is first clioico for rcH^onnaissaiuM^ and didail, and 
the torsion balance is second. Examph^s are tlu; intrusions at .Monro(‘ an<l 
Richland, Louisiana; and Jackson, Mississipj)!; and the iiitrusivi* dikes in 
the Tampico region of M(‘xicc). 

There has been so much work done with gcophy.sical methods in fli(‘ 
salt-dome areas of the Gulf coast that tlu; choice^ of nu^thods in salt done' 
exploration is very definite, although tlui orden* of prefenuK^e hu.s und(‘rg(>n(‘ 
some ehang(.‘S during the past ten ycnirs. For domes down to oOOO to 
COOO feet, refraction-seismic work was first choice*, but tin* torsion balance 
and gravimeter are now more in favor, particularly for the d(!(*p doin(‘s and 
for detailing their crests. Refieetion-scismic methods arc bc'st adapted for 
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detailing formations above and on the flanks of domes. The same applies 
to the salt dome or salt anticline regions of Tehuantepec in Mexico, the 
northern and north central regions of Germany, Rumania; and other areas 
of similar geologic structure. 

For the buried-ridge type of oil structure, magnetic methods are still 
first choice for reconnaissance surveying. However, as pointed out before, 
care must be exercised in the interpretation of the results. The magnetic 
method has been quite successful in general reconnaissance of the Amarillo 
buried mountains, the Nemaha granite ridge in Eansas and its extension 
into Oklahoma and Texas, and similar buried-ridge type structures. 
Pendulum, gravimeter, and reflection-seismic methods are second choice 
in reconnaissance for this type. For detail, torsion balance ranks first, 
reflection-seismic methods second. Extensive torsion-balance, pendulum, 
and gravimeter work has been done in the buried-ridge areas mentioned 
above in connection with magnetic surveys. Very little has been accom- 
plished by geophysical methods in location of oil pools controlled by 
porosity variations and not by structure, that is, the lensing type of 
deposit. Magnetic work has been reported to be somewhat successful; 
resistivity methods also appear to be applicable. 

As far as the direct location of oil is concerned, it has not been demon- 
strated beyond all doubt that this is possible by use of the methods avail- 
able at present. Indications by the ‘^Eltran^^ method appear in some 
eases to be related to shallow stratigraphic conditions above deeper oil 
accumulations. Eltran anomalies frequently coincide with hydrocarbon 
halos revealed by soil analysis methods. To what extent these methods 
can be depended upon to furnish reliable oil indications in completely new 
areas reriiains to be seen. 

The only place where indications can be obtained from the oil itself is 
undc‘rground, that is, by using the electrical logging method in wells. 
In fact, the resistivities recorded have in some cases been correlated with 
the ])n)diic*tivity of formations. The advantages of electrical logging are: 
(1) the Increase in drilling speed as mechanical coring is eliminated or re- 
du(‘( 3 cl to a minimum; (2) correlation of formations which may not have 
disliii(‘t pc.trographic or paleontological characteristics; (3) the possibility 
of locating water horizons; (4) continuity of the records; and (5) the ease 
with whi(‘li ek'ctrical logging may be combined with other procedures, 
giving important physical data in a drill hole — such as measurement of 
t(‘mp('ratur(‘, sid(‘-wall sampling by bullets, and the like. 

3n geopliysical oil c'xploratioii it is often impossible to select the most 
suitable mc’tliod, since other factors— cost, time, terrain, permits, and 
secrecy— in addition to the ge(3logic factors, must be considered. Cost is 
of principal importance. It determines whether the work can he done 
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at all, in view of the available appropriation and anticipated r(i turns, and, 
if so, which method will be the most economical Frequently the con- 
sideration of cost may lead to the adoption of geological surveying or 
shallow drilling, where applicable, to replace or at least reduce tlie geo- 
physical work. Time may be another factor in view of competitive 
activities or expirations of leases and options, and it may readily lead to 
the selection of a faster but more expensive, in place of a slower and less 
expensive, method. Certain terrain conditions, such as swamps and 
water, will often eliminate some of the methods, for examples, torsion 
balance, gravimeter and magnetometer, from consideration. Fortunately 
the most important reconnaissance and detail methods s<usmi(* n^fraction 
and reflection — can be operated on both land and water. Rugged t(>iK)g- 
raphy precludes the application of torsion balances, l)ut sedsmie reflection 
work is still possible unless conditions are extreme. Adverse surface geo- 
logic conditions will handicap many methods, such as liet(Tog<‘n(M)us glacial 
beds in torsion balance work, igneous and metamorphic rocks in magiudh* 
exploration, and high-speed surface formations in refraction and rcfl(‘C‘iion 
shooting. Some types of surveys, for oxampl(^ those with gravimeters 
and magnetometers, may l)e made along public roads without ixuauits, 
while others requiring the most favorable terrain setups, as torsion balaiua* 
and some reflection work, will necessitate going on private' land. Remark- 
ably free from this restriction is the retraction method, inasmuch as plots 
of ground for which permits are, not obtained may Ix' placed betwiMui sliot 
and detector location. In resptxd to s(‘cr(‘cy, operation of gravimettus or 
magnetometers is much more favorable than is torsion-balanee or seismic 
exploration. Finally, restrictions in re'gard to the use of dynamite or 
patented procu'sses may he decisiv(‘ factors m the selfM'tion of a nuhliod. 

Specific applications of geophysical methods to oil exploration probhuns 
will be found in Chapter 7 on pag^^s 157 152, 272 286; in ('liapter8 on 
pages 422-433; in C4iapter \) on pjigcvs 4i)9 501 and in Fig.*^, O- lfi, 0-71, 
t)-85, 0-92, 9-93; in Chapti'rs 10, 11, and 12 on pag(‘s 706, 735 739, 752, 
835-837, 856, 863 -865, 860, 898 OOl, and in Figs. 10-122 and 10-123. 

The role of geopliysics in f)il (‘xploration is n41(M‘t(‘fl in a statement by 
,De (inlycM’ who says:*'^ ‘^With gcHxl, not avoragi*, praetict* the cost of oil 
finding in th(i (urly twc'iities was 20 to 25 faults pt'r harnd. Tiulay (mi 
volume opf'ratioii, the cost of oil finding for good praetico is 10 to 12 eiuifs 
per barrel.^’ It is (\stiniat (d |hat gf'ophysics has Ikmui responsibh' for tin 
(liscoveiy of ov(‘r 5 liilliou barn'ls of cni(l(‘ oil to 

2 E. Do Oolyer, Mining and Metallurgy, 20 ( 391 ), 335 (1039). 

G. Egloff, Colo. School of Mines Mag., 29(6), 277 (1939). 
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Selecting the correct geophysical method in mining is not so simple as 
in oil exploration because of the greater complexity and geologic variety 
of ore deposits. The choice is often facilitated by the fact that the type 
of ore body to be located is already known. Conditions prevailing in 
most mining areas (see page 6) eliminate the possibility of gravitational 
and seismic methods, so that the choice is likely to be magnetic or electrical 
exploration. Which of these is preferable depends much on the type of 
ore and its origin. 

In the genetic classification of Fig. 5-1 mineral deposits are arranged 
largely in accordance with the scheme suggested by Lindgren. Geological 
and geophysical “type” locations, schematics of the geologic form, and 
suggestions as to choice of direct and structural geophysical methods 
are given for six groups: (I) magmatic differentiation deposits, which are 
formed by crystallization within magmas and occur, therefore, mostly in 
inti’usivfi igneous rocks; (11) heterogenctic solution deposits, formed by 
infiltration of .solutions from without, usually derived from adjacent ig- 
neous formations; (III) autogenetic solution deposits, originating from 
chemical concentration of rocksub.stance; (IV) sedimentation deposits, such 
as salt, coal, and limestone; (V) dyjiarm-metamorphic deposits, formed by 
concentration and chcimical transformation of rock substance in consc- 
(|Uonee of diastropbic force.s; and (VI) rrwchanical concentration deposits 
in gravels, conglomerates, and the like. 

Metal mining is concerned primarily with groups I -III and Y-VI. 
N’onmctallic miiKM'als an' derived largely from depo.sits in group IV. 

1. METAL MLNINd 

Siirpri.singly (‘iiougli tin' giTat(‘sL luirabcr of geophysical methods arc 
applicable 1o location of mechanical eonc('ntration (placc'r) dejiosit.s. 
They may be worked by magnetic mcthoclB whore a definite rc'lation 
between gold concent rat ion and Idack-saiid content can be cstal)lLshcd. 
For determination of depth to bedrock, resistivity and I'efraction-scisniic 
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methods may be used. Extensive magnetic surveys have been conducted 
on gold deposits of similar type in the Witwatorsrand fields of South 
Africa, where the suboutcrop of the gold series could be traced by virtue 
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of its association with magnetic shales, llefloetioii-scbsrnic and (*l<‘etric‘al 
methods likewise hold promise in this an'a for structural invf\stigaf ions. 

Much geophysical work has Ixion done on the ty])e of mineral (h'posits 
classified above in group II (heterogenetic solution dc'posits). An (‘xain[)l(‘ 
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is the application of magnetic methods to the mapping of coiitact-meta- 
morphic iron ores. For the location of contact-metamorphie sulfides, elec- 
trical methods have been employed. Magnetic exploration may be of 
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amples are: lead sulfides, iron and copper pyrites, col>alt or<‘8 aHsociated 
with other sulfides, and gold-bearing quartz yeins. It is j){>ssil3lo 

to trace the ore-bearing faults or fissures in which miruTalized \vat(‘rs arc 
circulating. This method has been applied on tungsten (hjposits in (Colo- 
rado and fluorite deposits in Illincis. Magnetic prospecting will frecjiKuitly 
furnish yaluable structural information in such eas(us. In the Tri-State 
district referred to under group II, various methods were tric‘d but no 
satisfactory way of locating the ore itself was found- Torsion balance 
measurements appeared to be capable of tracing chert zones associated 
with the ore and magnetic observations were used to outline highs in the 
underlying porphyry to which the major ore accumulations appeared to 
be related. The principal reason for the failure to locate the Tri-State 
ores directly is that zinc sulfide, unlike other sulfides, is a nonconductor 
of electricity. 

Magmatic-differentiation deposits have been worked principally with 
magnetic and electrical methods. In part, these applications have been 
of an indirect nature, such as the location of diamond-!)ear5ng intnisions in 
Arkansas and of platinum ores in intrusive rocks in tlie Urals \>y magnetic 
methods. Chromite has been worked indirectly by its assofuatioii wuth 
igneous rocks and with magnetite. Magnetite dc'posits of th(‘ magmatic- 
differentiation type have been surveyed primarily with the magrudomeier, 
though torsion-balance and electrical methods have hfuui applied occa- 
sionally. Much work lias )>cen done on nicked sulfide* orc‘B in t he* Sudbury 
district with electrical and magnetic methods. 

Magnetite deposits of the dynamo-ni(*tamorp}iic type* (group \') hav<‘ 
hcv'ii surveyed primarily with magnetie and gravity nudhods (Kursk). 
Magnetie exploration likewise lias had some suce(%s in tin* location of 
sedimentary oix's, such as iron (hcHiiatitcO and maiig.anese. 

A modcTate amount of g(*ophysical vvoi*k has Ix^en doin* on <lep(>sits re- 
sulting from conc('ntration of rock siihstancf* (group HI). Ivxamplf^s arc; 
magnetic surveys of bauxite (h'posits, radioactivi^ nuxisureirnnits on uni- 
iiiuin and vanadium or(*s, and Heet rical prospt'cting for sulfide \'(*ius in 
iiitrusiv<^ rocks. ( bn.sicku'abh^ att<‘nti()n has Ixu'n giv(‘n to the jxi.ssibilit ics 
of g(V)physics in lo(‘ating coppen* d(‘p()sit.s in thf* lava flows of the hake 
8iip(n‘ior r(‘gi()rp hut only tlui niagiiotie rn<'tho<l wuis foinul to be .suece.-^sful 
for d('t(‘rmitring structural ndatioiis of tlu* flows })y tnu'ing suhoiit <‘rops, 
faults, and the lik<‘. 

11. MINING OF XONMIOTAhhK^S 

Nomnetallic mining is chiefly coikxu-ikT with rniiK'nil (h'posits fornnul 
by ehcunical precipitation and mechanical s(‘dimen tat ion in surface* wat<‘rs 
(group IV, Fig. 5-1). In discussing tlio applications of geophysics in this 
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iSeld, a classificatiou some-what difierent from that customary ia economic 
geology will be adopted. Petroleum, natural gas, asphalt, and related 
bitumina will be excluded, and the remainder will be classed as follows: 
(a) coal, (h) sulfur, (c) salt, (d) nitrates, phosphates, potash, (e) building 
and road materials, (/) abrasives, {g) materials for various industrial uses, 
(A) gems and precious stones. 

A. Coal, iNCLiinma Anthracite and Lignite 

In this group only anthracite and possibly lignite offer possibilities of 
direct geophysical location; virtually all other types of coal are amenable 
to indirect prospecting only. Anthracite may be located directly by self- 
potential measurements or resistivity or other electrical methods. Some 
anthracitic coals are conductive -while some other varieties act as insu- 
lators.^ 

In stratigraphic and structural investigations of coal deposits, various 
methods are applicable. For general reconnaissance, the magnetic method 
may be useful if the carboniferous strata are conformable with basement 
topography. For the mapping of regional Paleozoic structure, extensive 
pendulum surveys were undertaken at one time in northern Germany. 
For detail, electrical resistivity methods have been used. Examples are 
the Carboniferous syncline of Villanueva de Minas and Villanueva del Rio 
in Spain and the Saar coal basin. Both refraction and reflection-seismic 
methods can render valuable service in the determination of the structure 
of Carboniferous areas, as demonstrated in Spain, in Silesia, and in West- 
■l)lialia. Under favorable conditions structural studies of the Carbonif- 
erous liave been made by means of the torsion balance and the gravimeter. 

Various geophysical methods have been tried on lignite deposits. The 
success of eh^ctrical methods appears to depend greatly on the local stra- 
tigraphy and the water content of the lignite. Seismic-refraction methods 
hav(' possil)ilitk;s for determining the thickness of lignite beds. However, 
structural and stratigraphic investigations may be expected to be more 
siiccc'ssful as (:x(un]flificd by SchhimbergcFs electrical surveys in the de- 
])artin(‘nt of Landers, France, and by Edge-Laby's and Seblatnigg's torsion 
balances work on faults associated with lignite deposits in Australia and 
Germany respectively. 


B. Sulfur 

Chiophysics has l)ecm applied on a large scale to the indirect location of 
sulfur deposits found in the cap rocks of salt domes on the Gulf coast. 

1 Tor details and bibliography see C. A. H., ‘‘Geophysics in the Non-Metallic 
Field/' A.I.M.E. Geophysical Prospecting, 546-576 (1934). 
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Methods ordinarily used for the location of salt domes are applic^ahlc, 
especially gravimetric and seismic methods. 

C. Salt 

Salt is (obtained commercially from salt Irrincs, salt l)(‘ds, or salt doniCNs. 
The literature on the location of salt l)riiios is meager an<l (h'aLs only witli 
the type occurring in salt mines. As far as salt domes arc' concerned, t h<! 
geophysical problem is the same as in oil exploration (sec (dha])tfU‘ 4); for 
depth determinations of salt bods, seismic and eiocd.ri(*,al rc'sistivity mcd.hods 
have been used. 


D. Nitrates, Phosphates, Potash 

It is doubtful whether any commercial geophysical work hn.s hc'im doiu' 
on these deposits (owing to the abundant supply of nitrate* in {4dle, and of 
phosphate in the western United States). Since the commercially impor- 
tant potassium minerals occur with salt, the geopliy.sical me 4 hods (lis<*uss(‘d 
in the precc^ding paragraph have found frequent application in th(' indirect 
location of potash deposits. Siheriz’ s<^cond report- contains iiuimu’ons 
examples for depth determination of salt beds in Spain, rndcrgromul, it 
ai)pears possible to differentiate between potash IkhIs of tliffm’cmt age by 
measurcunent of tlnur |)(mctrating radiation. 

E. l^TJILOING AND HOAD MAriCUIADS 

Applications of g<‘()])hysical methods iii this branch of the noninrt a Hie 
field ov'crlaj) with those in (Migin<‘(‘ring and iiududi' eciinnit materials, 
gravel, sand and clay, and building and roa<l stoma 

Oemc'nt materials possess a nuinlxn* of physi(*al charaet<i'ist ic.^ (for 
(*xampl(‘: high clastic \vav(‘ s))(‘(‘d and (hni.sity of gypsum, anhydrite, anil 
liini'stoiH'; (‘had rical ri'sistivity of lime, chalk, and tiio like) whioh indicati* 
possil)iliii(\s for oloctrical and sei.smir mot hods. 

Id(‘ctri(‘al, sinsmic, and (in <'as<’ of crystalline bedrock j magnet ic nmtlioils 
an^ suitahh* for thi* local ii>n of grav(‘h satal, ami clay. Ibirthcr dot nils 
an ^ given in (lha])t('r (i und(‘rth<‘ h<‘ading of (‘iigitnx'ring aj>i>li<-nt ions. 

A few geophysical surxays hav(‘ bixai niad(‘ for the location of bnilding 
or road materials. Elccfriiuil (‘xploration appears to hold the gieatc.^f 
p()ssibiliti(*s, sine(‘ ivsist iviti<‘S of formations depciul on tlicii* degrei* of 
altinulion and moistun' conbait. .Magnetic in<4 hods arc often apfjlicalile, 
siac(‘ rocks ])rcf(n'al)l(‘ from t Ik* si aiu.lpoint of roadhuilding ligneous rocks) 

^.f. G. Sificriz, “La int€r])rota,<!i()n <lc las aiedioione.H 

(las a la prosi)eccion,'’ Inst. GeoL y Minero Kspana Mem . (I93.H). 
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are more magnetic tliaii are sedimentary rocks, and basic (and more mag- 
netic) igneous rocks are preferred to acidic rocks in regard to toughness 
and abrasive resistance. Seismic methods have good possibilities far the 
location of road materials as well as for determining their composition, 
alteration, and general nature. 

F. Abrasives 

Where deposits are of sufficient size, as in the cases of diatonaaceous 
earth, ciuartz sand and sandstone, the application of seismic refraction and 
electrical resistivity is indicated. 

G. MArERIALS FOR YaRIOXJS INDUSTRIAL UsES 

1. Fluorspar. As this mineral is usually found in fissure and fracture 
zones, indirect structural prospecting, or locating of such zones by resis- 
tivity or electromagnetic methods is suitable. 

2. Talc and soapstone. One instance is known in the literature where 
talc formations could be located by an electromagnetic method, since they 
reacted as poor conductors in contrast with adjacent graphite deposits. 

3. Lithographic stone. See road and building materials. 

4. Sand (used as construction material, abrasive, for glass manufac- 
ture, molding, filtering, furnace lining, and so on). Provided an applica- 
tion of geophysics is at all economical compared with surface-geological 
methods, electrical-resistivity method will be most suitable for the delinea- 
tion of sand lenses. 

5. Monaciie sands. In addition to resistivity and refraction surveys 
usabl(‘ for tlu' location of channels (sec Chapter 5), radioactivity methods 
may ))(i ap])lie(l to sands of high thorium content. 

(>. Srrpcritrnr. Magnetic methods are best suited for reconnaissance, 
to 1)(! su{)|)l<‘nicnie(l hy electrical and possibly seismic moasiirements for 
(htail. 

7. Lariir. Its high density makes the torsion l^alance or gravimeter 
ai){)li(*al)le, providinl tJuit topography is suitable. Barite, being a poor 
eonduelor, may be locatc^d in more conductive rocks ])y surface-potential 
m(‘tli(j(ls. When l)arit(‘ occurs with conductive mintu’als such as pyiite, 
aliiKast any (teclrical method could bo suited. 

8. Lraphite. This miiuTal may be n^adily located by most electrical 
mfdliods. It prodiKU's strong self-potentials, usually of positive sign. 

[). Magnmlrjddspar, ashesios, mica. The geologic otuauTcncc of those 
minerals suggests tluit any ap]>Ucation of geophysical m(‘bhods (prol)ably 
magn(‘ti(* or (‘l(e(‘ti*ical) would have to b(^ of an indirect nature. 
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H. Gems and Peeciotis Stones 

A direct location of gems Ey geophysical methods is out of tlui (iu(\stion. 
In some instances a survey of the formation in which tln^y oc(*ur may be of 
assistance. Examples arc the poridotite plugs in Arkansas and th(i bhie- 
ground pipes in South Africa. Where diamonds oc.ciir in sands and 
gravels of streana and beach deposits, methods discussed iind(‘r the heading 
of engineering applications of geophysics may be uscdnl for k Halting and 
tracing lenses or channels. 

Specific applications of ge^ophysical methods in mining are discnisisid in 
Chapter 7 on pages 162, 286-292; in Chapter 8 on pagds 409 422; in Chap- 
ter 9 on pages 501-502 and Figs. 9-41, 9-49, 9-75; and in Chai)t(u 10 on 
pages 675-681, 703-706, 739-741, 755-757, 771-773, and 802 805. 
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APPLICATIONS OF GEOPHYSICS IN 
ENGINEERING 


Applications of geophysical methods in engineering are of fairly recent 
date. Although many engineering problems may be attacked by geo- 
physics, developments have been slow for various reasons: (1) information 
on the possibilities of geophysics has not been readily available to engineers ; 
(2) few engineering projects compare in commercial scope with oil and 
mining projects; (3) in near-surface engineering problems geophysical 
exploration has to complete with surface geology and drilling. It is unfor- 
tunately true that numerous engineering projects are still undertaken 
without consulting a geologist. With an increased appreciation of the 
advantage of geological advice, an increase in the number of applications 
of geophysics to engineering problems will undoubtedly follow. 

Engineering applications of geophysics may be divided into two classes : 
(1) geological, and (2) nongeologieal. 

I. GEOLOGICAL ATPLICATIONS 

Tlu‘.se are concerned with: (a) foundation problems; (b) location of 
construction materials, aftd (c) water location. 

A. Foundation Problems 

As .shown in Table 4, special problems in this category are: determina- 
tioti of depth to bedrock, of type of rock encountered in dam, aqueduct, 
canal, tiiiiiiel, shaft, harbor, bridge, railway, highway, tramway, subway, 
and other eoiustruction pnjjocts. Similar problems in the field of military 
engineering are tests of foundation.s for military roads, railroads, shelters, 
forts, and other underground mining operations. They are best attacked 
by seismic-refraction and clcctrical-rosislivity and potontial-drop-ratio 
methods. The seismic-refraction method is aided by the considerable 
velocity contrast existing between overburden and bedrock. Similar con- 
ditions prevail in electric potential surveys, since the resistivity of the 

57 



Table 4 

GEOPHYSICAL AND PHYSICAL ^ilETHODS IX CIVIL AND illLITARY ENGINEERIXG 




X 


X 





MlLrl'X’AHY IOkCU NKIOIt-INTr; 


O S=i 

o trr* cr 

fa P 3 

O 1— i »-7j 


Bt 

, , ScJ^‘ 

^ CD s=3 

^ 2- ^ 
cr- 

CD o t=j 

t=< cr:j 


X 


X 


Military Roads, Rail- 
roads, Military i\Iining, 
Field Fortifications 



60 


APPLICATIONS or GEOPHYSICS IN KNGINLEH.IN( J [Cum>. 6 


overburden is usually lower tlian the resistivity of the nior(‘ consolidated 
bedrock. Both scisinic velocities and electrical conduetivit i(*.s furnish 
valuable information on the type of rock eneounh^red in dam, tumid, or 
similar sites. Additional information may be obtained] by dynamic^ vibra- 
tion tests which will give the natural frocpioney of a Iniilding sitc^ as well 
as the elastic moduli and bearing strengths of 0 YCThnr(l(‘ii aiui bednx'k. 

B. Location of Construction Materials 

This application of geophysics is important in (1) foundation aiul hy- 
draulics engineering in connection with tlie construction of darns, canals, 
tunnels, bridges, and the like; (2) sanitary engiruu^ring; (3) tnuisporiation 
engineering (railway, highway, tramway, and subway c‘c>nst ruction); (4) 
structural engineering ; and (5) military enginec^ring. Elect ri(*a!-rf‘siHtivity, 
potential-drop-ratio and seismic-refraction methods are applicable; didails 
were given previously in the section on nonmcTallics in ('haiter 5. 

C. Location of Water 

The location of watc^r plays an important ])art in sanitary engineering 
in connection with water supply, sewage disposal, ii*rigation, and drainage 
problems. In transportation engineering, determination of water Inuds 
and water-bearing fissure's is essential for subway and tuiinc*! construction. 
The same apptics to military engineering. 

Prospecting for water is oim of the most difficult tasks in geophysical 
exploration. It rc'quircs exceptional geologic ability on tin* part of tluj 
geopliy>sicist. In the ideal case, the geophysici.st should be able to fl) 
locate the water, (2) determine' its salinity, and f3) estimate ydohls. Ai 
tho present status of tcicdiiiicpK', h(‘ can randy hope (o ])ro(iic{ yields, and 
he can make only approximate (‘aleulatioiis of salinity when working ;i\\’;iy 
fr-om wells of known waten* c‘()inj)()sition. Hcsicc*, the g(‘ophy.sirist’.s task 
is narr(>w(‘(l down ])riinarily to the location of water itscB'. 

'Und(M’groiind waters may Ix' (li\’icl(Ml as follows' iu decreasing order of 
gc'opliysical importance': (1) ground water pro])f‘r, wlii(d) iiu-liHlf*s wafers 
derivi'd from prc'cipital ion and '‘coimat(‘” water; ( 2 ) fissiin* wnf<*r; udj 
cavern wat(‘r; (4) st)ring walc'r; and (o) wat(‘r is.suing from leaks in water 
pipes. Applications of g(‘ophy.sies to waters iu tin' first group are eon- 
irolled largcdy by 11 h ‘ r/eemWnV* dhjHmtvni aj Ifir resnvoir. Tho foliewiiig 
typ('s arc^ ol iinporlanf*e: (a) liorizontal for stratigra ) lemndaries; 
(/;) ladoral eonfiiu'imait by V('r1ic*al l)(>undari(*.s sueli a.s faults, dikes, or 
fracture' zoiu's; and (r) erosional b(>undari(‘.s of impf'rvious rocks. 


1 See tabulation ill C, F. lYlinan, Ground Water, Mc(i raw-l lill ( 1UH7) and in 

'i'rana. Am. Goophys. Pnioii (1937), Hydrology section, p. 57.5. 
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There are three general possibilities for the geophysical location of water: 
(1) direct, (2) structural, and (3) stratigraphic location. 

1. Direct location. Water occurring in the form of thermal, saline, or 
radioacti-ve springs may be located by temperature, electrical, or radio- 
activity measurements, or by its noise in escaping from pipe leaks. Brine 
accumulations in salt mines may be found by electrical-resistivity, induc- 
tive, or radio-transmission observations. Water occurring in caves and 
fissures is on the borderline between direct and stratigraphic location, as 
it is often difficult to decide whether the indication comes from the water 
as such or from an impregnated naedium. Water filling large cavities in 
limestones or dolomites may be located directly by resistivity measure- 
ments or, if it is sufficiently conductive, by inductive or radio methods. 
Water which occupies fissures is often heavily mineralised and may thus 
be detected by inductive, resistivity, radioactivity, or radio measurements. 
Direct application of geophysics to the location of the ground-water table 
is limited to such special problems as the determination of the vertical 
moisture gradient by hygrometric observations in different depths and 
the calculation of the rate of motion of a ground-water stream in wells 
by salting the water and measuring the rate of motion of the surface 
potential peak due to the lateral motion of the salt-water front. 

2. SiriLctural water location involves the attempt to find locations /avor- 
able for its occurrence. It entails the mapping of certain formations which 
may or may not be aquifers and which may occur in synclines, troughs, 
or areas of general depression. Hence, virtually all major geophysical 
methods arc applicable, depending upon whether differences in density, 
magnetism, elasticity, or condnctivit'y occur on a stratigraphic or erosional 
boundary. For instance, water-bearing gravel channels and valley fills 
may be mapped by torsion-balance, seismic, or resistivity methods. The 
magnetomc'tc'r may be applied for tracing channels in igneous or meta- 
niorphic rocks. If a reservoir is confined laterally by faults, gravitational, 
seismic, rc'sistivity, or magnetic methods are applicable (if igneous dikes 
c*ut through the water-bearing strata). Key beds in large artesian basins 
have Ix'cn surveyed loy reflection-seismic methods. 

In tlic’ location of fissure water the function of structural geophysical 
work istlie mapping of fissures or faults. Gravitational, magnetic, seismic, 
or elr‘(*trif*al methods apply, depending upon whether strata with differ- 
(Miec\s in density, magnetic, elastic, or electric properties have been placed 
in juxtaposition l)y the faults, 

3. ^Stratigraphic water location has for its obj(H‘tive a det(M’mination of 
th(‘ condition and depth of th(‘ aquifer itsedf. The (dioice of gcophysi(*al 
methods is hora much more limited. Scdsmic methods are applieal>l(^. 
under favorable chrciimstaTices as th('- elastic wave velocity is greater in 
moist than in dry, unconsolidated formations. More important and inex- 
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pensive are electrical methods. Their application rests on th(‘, fa(!t that 
water in the pores of a rock changes its conductivity to such an 
that the conductivity of the mineral substance is virtually without cjfTeel. 
Hence, the following factors are effective: (1) porosity, (2) pcnnMMitagtj of 
pores filled, and (3) electrolytic conductivity of the wah^r. The latter 
depends very much on the degree of stagnation in a ro(5k and c<)ini)li(^at(*s 
the geophysical picture, as the groundwater may la; (dtln'r a good or a 
poor conductor. Very pure waters are more difficult to kxuite than 
waters of fair conductivity. The former requires Hcnsitivi! (‘l(*ctrical- 
potential methods, while waters of high salinity, particularly <'OMiuitc 
waters, may also be found by inductive-electrical proccalun's. 

It is further impossible to recognize water l)y a specific value of rock 
conductivity. The change brought about by the i)rps<'nc<! of water is not 
great enough to produce outstanding values; then^fore, it would hc! diffi- 
cult to select an arbitrary location in virgin t(writory and to dc‘t<uTniiH‘ tlu^ 
presence and depth of water from the go()physic*al reHp<)nH(‘. How<;v(*r, 
where the presence of an aquifer has been established by WfdLs, if, i.s possibk; 
to correlate conductivities with water-bearing formations, tlicir depth, 
type, and thickness, and to follow this typo of indication into unknown 
territory until a complete change in character occurs. Vhth i’(\sisf ivity 
methods, frequently a ^^typicah’ ground-water curve i.s obtaiu(‘<l, which is 
discussed in greater detail in Chapter 10. 

ir. NONGEOLOGICAL APPLICATIONS 

Though not directly geophysical hut c‘los(‘ly r(‘lat(‘(i to geopliysios, 
since they involve similar technifjues, these applications include: id) (ly- 
namic vibralioii tests of .stru(*tiiro.s, (h) strain gaugiiig, fr) eiMTosioii surveys, 
(d) pipe and metal location, (c) sound ranging and otluT aconslic 
methods, (/) gas d(‘t(‘ctioii, and (g) thermal dcdf'clion. 

A. Dvnaimic Vibration Tes'fs of Htriutcrfh 

Thcs{‘ tests involve a (kdxTininatioii of natural frt*( jiiciicy and drinipina 
(ha,ract(Tisties of (*oinpl('t(‘d .structun‘s and of models of {>ro{)o>(‘d sfnic- 
lures to detx'nniiK^ th(‘ir seismic r(*sistanc(‘ to eart I k jua kes arid artificial 
vibrations l)y the free* and forec'd vi])rati()ii met hods. Details arc (^iv'cii 
in Chapter 12. 


B. Strain Gauoing 

Th(i purpcjse of tlu^se nuiasurenient s is to (hu. ermine the vahat it )li.^ of 
('lasiie strains with time in stnietur{\s and imdi'r-grourrd workings so that 
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zones of weakness may be found and failures predicted. In connection 
with subsidence investigations, mine workings have been thus tested to 
predict wall or roof failure; shafts and tunnels have been examined in 
areas of active faults and earthquakes; strain gauges have been installed 
in important structures, such as Boulder Dam; and like methods have 
been used on models of dams and other structures. 

C. COBEOSION SUKVEYS 

The purpose of these surveys is to follow the process of corrosion, chiefly 
on buried pipes, and to determine progress made by preventive measures, 
such as cathodic protection and coating. Two procedures of geophysical 
exploration arc applicable: (1) self-potential surveys and recordings, and 
(2) resistivity measurements. By self-potential measurements along a 
pipe, the areas of ingress and egress of current and therefore the zones of 
greatest destnietion of pipe material may be located. Hecording fluctua- 
tions of spontaneous potentials issuing from buried pipes, gives information 
al)out occurreneo and time variations of vagabondary currents producing 
corrosion. Resistivity measurements serve to find areas of high ground 
eonduetivity in which, according to experience, corrosion is greatest. 

3). Pipe and Metal Location 

Of-eusionally it is necessary to locate pipes of which the record has been 
lost. If the lost pipe is part of a network accessible elsewhere, it may be 
('iKU’gizcMl by contact and located by following the electromagnetic field 
surrounding it. Isolated pipes can be found by so-called ^ ^treasure 
finders,’’ <*(onsisting of combined radio transmitters and receivers, described 
in more (h^tail in Chapter 10. Magnetic prospecting can be applied in 
favorable eases. Methods for the location of buried ammunition and 
olla'i’ war nuifdiiiKU’y, and procedures for the detection of metal and 
wH^apon.s on worken-s and visitors of mints and penal institutions belong 
in tli{‘ saiiK' cat (‘gory and irquire the same or similar procedures. 


K . Sound Ranging and Otheu Acoustic Detection Methods 

As outlined at thf' (uicl of C’hapter 2, (page 37), acoustic detection 
iiK'thod.s ar(‘ usf'd for (‘ominunication, direction finding and noise analysis, 
|)(;siti()n finding, sound ranging, and echo sounding. Applications of these 
methods in Uk! fi(d(Is of civil and military ongiiu'cring are numerous. 
Acoustic; nnuins of (‘ominunication, particularly at supersonic frequencies, 
an; widely used between surface vessels and submarines, and between 
submarines and shore stations. Radio-acoustic position finding is a valu- 
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able aid in navigation. Sound ranging is used in both th(‘ ariny and tlie 
navy for locating enemy guns and for determining tlu^ mng<5 of their own 
artillery. Direction finding and noise analysis applies in tln^ dete(!tion of 
airplanes, submarines, and enemy sappers, and the location of pipe leaks 
in sanitary and pipe-line engineering. Echo sounding methods an* cur- 
rently applied in the merchant marine and the navy for measuring the 
depth to sea bottom. Occasionally they have been applied in the location 
of icebergs and in finding the depth to fish shoals. An electrical reflection 
method based on frequency modulation of iiltrashort waves has made 
poswsible the airplane terrain-clearance indicator. 

F. Gas Detection 

Gas detection methods are applied in chemical warfani, in pipe-line 
engineering, and in mine safety work. Dcjtectors hav(> t>een constructed 
for both combustible and toxic gases and are used to find huiks in f juried 
gas pipe lines, gases in manholes, mine openings, and the like. 

G. Theemal Detection 

Thermal-detection methods involve the location of ol)jf‘cfs by tlioir luiut 
radiation. During the war it was found that planers coidd l)f‘ (l{‘1(‘cte(l 
by the heat issuing from their exhaust pii)es; iceb(*rg.s ban* been locaiful 
at appreciable distances hy such detection methods. 
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GRAVITATIONAL METHODS 


I. rNTRODTJCTION 

Gravitational expioeation falls in the category of “direct” geo- 
physical procedures hy which physical forces are measured at the earth’s 
surface without application of an artificial extraneous field. The field of 
gravitation is present everywhere and at all times; it is due to the funda- 
mental property of all matter to have mass. Since all masses, regardless 
of size, exert an attraction upon one another, any method designed to 
measure the gravitational field will invariably determine the influence of 
all masses within range and, therefore, lack the depth control possessed 
by the stfismic and the electrical methods. Consequently, direct methods 
of interpretation (that is, determinations of the depths, dimensions, and 
physical properties of geologic bodies from .surface indications) arc rare 
:ind applicable only where c.ssontially one single mass produces the gravi- 
Int ional anomaly. 

The application of gravitathmal exploration methods is dependent on 
tlu! <‘.xi.sl(mee (jf differences in demily between geologic bodies and their 
■surroundings. Because of the vertical differentiation of the earth’s crust 
in rega id to density (due to the general increase of density with depth 
and the effect of structural movements which hasm uplifted deeper and 
denser portions and have placed them in the same level as younger and 
lighter formations) there occur cliango.s of density in horizontal direction 
wliich are essential fur the sucee,ssfiil api)lieati(>a of gravitational method.s. 
I'er t he interpretation of gravity data, it is fortunate that densities remain 
constant for eonsiderahle. di.staiiees in formations which had their origin 
in large depo.sitional basins. 

Although gravitational exjiloratioii i.s ccjneerncd with one field of force 
only, a iiumlxir of eluiractoristie joarametoi-.s exist wdiich lend th(‘mselve.s 
readily to uemirate ohscrvatioii. The magnitude of the gravity vector is 
determined hy measuring the oscillation period of a pendulum or the 
deflection of a mass suspendiid from a spring (gravimeter). It is not 
feasible to measure the ah.soluto direction of the gravity vector in spaciL 
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SYMBOLS USED IN CHAPTICll 7 


a 

distance, equatorial radius 

a 

cuxjflicient 

b 

distance, breadth 

b 

cocflicderit 

c 

(spring) constant, polar radius 

c 

coeflicieiit 

d 

deflection, distance, thickness 

d 

coeflicienit 

e 

distance 

e 

coefficient 

f 

frequency 

f 

focal length 

g 

gravity 



h 

height, elevation, distance 

h 

humidity 

i 

<iip 



k 

gravitational constant 



1 

length, thickness 



m 

mass 

m 

coefficient 

n 

scale reading, coincidence inter- 

n 

number 


val 

0 

coefficient 

V 

pressure 

P 

coefficient 

<I 

quotient 

q 

coefficient 

r 

radius, distance 

r 

cooflicient 

8 

distance 

s 

coefficient 

t 

time 

t 

coefficient 



u 

coefficient 

V 

volume 

V 

coefIi(‘itint 

Uf 

width 

w 

coeflicient; wi'ighi 

z 

coordinate 



y 

coordinate 



z 

coordinate 



A 

1 

A 

list at izution 

B 

dearth’s moments of inertia 

B 

bufiyuiify 

C 

j 

C 

coiist/iiit, rurvaturc 




capacity 

1 /^l 

1 



1 CM 

/terrain correction coefnciciits 



D 

depth 

D 

couple, inornoti! 

E 

Young’s modulus 

E 

vol tuge 

E.ll. 

Kotvos unit 



F 

force 

F 

flexure; 

a 

couple per radian 

G 

gravity ti:radient 

H 

height, elevation 

H 

iiorizoiital force 

I 

integral 



J 

sectional rnornent of inertia 



K 

morneiit of inertia 

K 

terrain <iorreotioa 

L 

distance, length 
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SYMBOLS USED IN CHAPTER 7 


M 

mass 

M 

coefficient 

N 

restoring force 

N 

coefficient 

0 

coefficient 

0 

coefficient 

P 

porosity 

P 

coefficient 

Q 

pyknometer w'eight 



R 

radiuSj dista.nce 

R 

differential curvature 

S 

chronometer rate 

S 

section, surface, area 

T 

period 



U 

potential 



V 

potential 

V 

static magnification 

W 

potential 

w 

weight 

X 

horizontal force 



Y 

horizontal force 



Z 

vertical force 



ot 

azimuth, amplitude 

O' 

coefficient 


angle 


1 coefficient 

Y 

angle 

To 

normal gravity 

5 

density 



A 

difTerence 

A 

torsion balance deflection 

6 

scale value 

e 

elasticity 

r 

elevation 



t] 

restoring force 



d 

angle 

e 

temperature 

L 

angle 



K 

labilizing force 



\ 

angle 



/A 

micron (10““^ cm) 

i* 

rigidity modulus 

V 

scale interval 




angle 



TT 

3.1416 



P 

radius, distance 



(T 

water content 



V 

sensitivity 


sum 

T 

torsion coeflicient 



9 

deflection angle, latitude, phase 



<I> 

angle 



% 

parallax 




angle 



0) 

angular velocity, angular fre- 




quency 
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H<)wev(‘r, differoneos in ils diipction bctw’cciii locritions may drtrniihuHl 
(‘Reflections of the vertical’'). The Edtvos torsion l)alaiic‘(‘ is used for 
measuring the rate of change, or gradients, of gravity find of its iKoizontal 
components in horizontal direction. In more coininon tiU’ininologj, this 
measures (1) the north gradient of gravity, (2) t in' (uist graciund of gravity, 
(3) the differenee in the maximum and minimum eiirvatures, aiul (4) tlie 
direction of minimum curvature of an ec|uipotential siirfact^ of gravity. 
For th(^ measurement of the vertical gradient, various instruments have 
l)cea suggested but tlicy have not come into practical use. Tlnu'c* an^ no 
methods in present wso to measure the potential of gravity; tlie ptMululum 
and gravity meters measure its first derivative and the torsion balance 
its second derivatives. 

Instruments employcvl in pendulurh exploration ratlier closely n^s(unble 
those developed for scientific purposes. Tlic dcv(dopmcnt of a geologically 
useful gravimeter, at tempi cd repeatedly since thf‘ turn of ila? century, Is 
largely the result of tin* dTorts of commercial gcophysicl.^ts. On tliootlier 
hand, the torsion balance*, longknov'ii to physical scienuM^, hnsbe(‘n uikipted 
by exploration g(*ophysicists in the form d(*v<‘lojH‘d by Kdtvds, with coni- 
parativ(‘ly minor chang<‘s. 

''riio })cndii]urn and graviin(*i(‘r have* b(*c‘n iis(*d pnulominantiy in oil 
(‘Xploraiion to outliiK* largo r(*gi(>nal g(M)logic, fcaiuivs, to <l<*t<Tniino basc- 
ment~ro(*k topography, and to locate hurh'd ri(lg(‘S. Owing to its greater 
accuracy and raindity, t lu* gruviiiKdcn- is being used for more l(H-al problems 
of oil geology, for c‘Xami)l(‘, location of doni(‘s, anticlines, salt domes ;uid 
geiKTal structure. Attc-mpts have* also hecui made to use the gravimeter 
in mining, primarily for large* ncar~surface ore bodies, to snpplomeiit data 
scctured by other g(‘0})liysieal methods. 

d^ln* torsion balanec has l><'(‘U us(‘<l j)re(loininanl iy in oil exploration for 
t h(‘ (hdermina lion of ginieral geologic, stnu'lniv, mapping of hasciueiit 
topography, and loeation of buri(‘<l ri(lg(‘s, anli(dines, doincs. torraces. 
faults, volcanic dikes, intrusions, and salt doioes. In niiniug ( ‘Xplorat ion. 
t he following prol )lenis Ini ve ])e(‘n at ta(*k( ‘d by t he t ors ion 1 ta la imo : loca t ion 
of iron, e()])])(*r, luid h'ad or<‘ bodies, faults, dikes, x'eiiis. nrUt •(M’-'. lignite 
and haritc! dt'posils, and s;dt doiniss (exploration for sailfur and pofasli). 
Indirca*! Iy th(‘ tcnxsion halaiica^ has Ix'cn of us«' in mining in the (ietemtina- 
tionof th(' tliiekne.ss of the ovaadnirden, mapping of biirifol ch;iiin<‘b'. aiul 
tin* lik(‘. 


11. RO(4\ DKXSrriKS 

A. Duterviinatiok of Rock; Dicnsitiks 

j\ (lirecd. (hdermination of formation dcnisities iu is possible from 
gravitalional iinaasuivirKm ts if tin* dimeiisiniis and depth of a geologic 
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body are known from drilling or from other geophysical surveys, or these 
measurements may be made from a gravimeter traverse across a known 
topographic feature not associated with structure.^ The prevalent pro- 
cedure is to secure representative samples from outcropS; well cuttings, or 
underground workings, and to test them in the laboratory. Methods of 
rock-density determination do not differ much from standard physical 
methods of measuring densities of solids. Difficulties arise only with 
specimens from unconsolidated formations or with samples of large pore 
volumes or permeabilities. 

1. Measurement of might a7id volume is widely used for determining 
densities of surface strata in connection with torsion balance terrain correc- 
tions and is practically the only method available for this purpose. A 
comparatively large quantity of the sample is placed in a cylinder ranging 
in volume from 1000 to 2000 cc, taking precautions not to alter its pore 
volume. Cylinder and sample arc weighed, and the weight of the empty 
cylinder is deducted. If mass of the sample is m grams and its volume 
is V cc, the density 8 = ml v. If a great number of determinations have 
to be made, it is of advantage to use a portable balance with horizontal 
arm graduated in density units, since the volume of the sample may be 
kept constant. If the rock sample is solid and of irregular shape, its 
volume is determined from the amount of water it displaces in a calibrated 
glass cylinder; for water-soluble samples, alcohol, machine oil, kerosene, 
toluol, or a saturated solution of the same substance is substituted. Air 
bubbles must bo removed with a brush, by shaking the vessel, boiling the 
water, or by using an air pump. 

2. The pyknomcier is a small glass flask of precisely determined volume 
with a ground-in glass stopper extending into a fine capillary to "provide 
ail ov(3rfiow for excessive liquid. It is useful for measuring densities of 
small spc'ciincns only. Dihermination of three wciglits is necessary: (1) of 
the specinKui {vi ) ; (2) of the xiyknometcr filled with water (Q) ; (3) of the 
pyknometer with specimen {Q'). Then the density of the sample: 5 = 
ni/(Q + m - Q'). 

3. Wrighing in air and water is a viny common mcithod of density deter- 
mination. If the w(‘ight of aspeeiincn in air is mo and under water it is 
tli(‘ hiioyaney B = nii) — rn', and the dcuisity § = 77io/B. An ordinary 
balaiieci may be adapted to this tt^st by first balancing the sample on the 
balaiic'c in air and then suspending it in water with a Kne wire or in a 
small pan. Albwanei* for tlnj wiiight of thi.s pan under water is made l)y a 
corresponding adjust imnit of the; Ijalaiice. Spcicimciis soluble in water 
arii weiglu'd in senne otlKU' lic}uid (sec y>aragraph No. 1); the rc^siilt is 
iniiltii)li(ul by th(' spe(hfi(i gravity of tho liquid used. Powdered minerals 

^ This applies only to iiear-siir face fonriati oris. See L. L. Nettletoii, Geophysics, 
4(3), 176-183 (1938). 
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and rocks are inclosed in a thin ^lass tube. Porous spiM'inions an* coated 
thinly with wax, shellac, or paraffin. Clays shovild Ix'. weigin'd in niacdiirie 
oil of high viscosity. To reduce irxterferoiic(* duo to surface i^^^^^2;ula^iti(!s, 
fairly large samples should be used, since the surface? is proportional to 
the second power of the dimensions and the volume? is j>r()i)oiiional to the 
third power. 

A number of balance's have? desigu(‘d for 

the determination of the density of ro{*ks by the 
buoyancy method. Tyi)ical examples arc? the 
Schwarz and Jolly balance. Tlu^ fornic'r Fig. 
7~-la) is designed in the fashion of a letf(‘r scale 
and may be used for light and heavy sami)leH, two 
ranges being provided by two lever arms and two 
graduations. In the Jolly balance (Fig. 7-U) 
the? two pans an? susp(?nd(?d from ii eoil spring 
whose extension is read on a scailc*. If ihespeci- 
Fio. 7-la. Schwarz bal- placed in ^the iippt'r pan and thc^ index 

ance for determining spe- lowered h scale? divisions, and is t hc'U plaecnl in the 
cific gravity (after Keil- l<)'s\'c?r pan corresi)()nding to a reading of h' 

divisions, the density 5 = h/{h — //'). 

4. The jlotaiion method is u.s(*d for tlie 
determination of densitic's of veny .small 
mineral specimens. A speeimc'n is first 
floatc'd in a liquid of gn\ater (hmsify wliich 
is t}K?n diluted until the spocinH*!! neither 
(‘omes t(j th(? surfa<‘(* nor gcH’S to the* Ixit- 
lom. At that luonu'ni tlie density of th<‘ 
liquid as d(‘t('i-inincfl by a bydi’oini'ter i.s 
(‘qual to the (haisity of the sporinieii. 
Mxainph's for h(‘avy solutions arc : broino- 

Ki.i.7-1/;. J.,IIy ImhiiK. I’orni S = 2.it: tn.-miiT-p<.t!is- 

sium-iodide ('fiioiih'rs solutiofi, ‘Jllgl-.-- 
; hariuin-m(‘r(Miry-i(>di(i(‘ ( I fghj- 2 Hal ) , o H.T'O; and 
t.halliiiniforiuiaic', 5 = 4.7fi at 

B. Factors Affbctincj Formation^ Di*: 

111 an (‘Valuation of tin? aj>])lical>iiity of gravitational iiicthods to n g 
g(‘ologic prohh‘m, and in the (‘ahailation of the efTeds of gi-ologic liodii^s 
ol (h'fiiiite pr(>p(‘rtie.s, it is ii(‘c(‘ssary to iuak(‘ n‘asonabl(* assumptions in 
ivgard th(‘r(‘t() or to (‘xtraiiolatc? from tabulated values when saiiipios for 
th(? d(\sir(‘(I dc‘i)tb or loc'ality an? not nvailahh*. In onhu’ to aivivo at 
c‘orre(‘t vahaeSj an (‘valuat ion of the? influ(‘nee of chang(*.s in claunical (■( 
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sition, depth of crystallization, porosity, depth, of burial, moisture, and 
so on, is desirable. 

1. Densities of igneous rocks generally increase with a decrease in Si02 
content. For instance, the average density of granite is about 2.66, that of 
gabbro, 3.00; the density of quartz porphyry is 2.63, that of diabase, 2.95; 
the density of rhyolite is 2.50, that of basalt, 2.90. Ho lo crystalline igneous 
rocks solidified at greater depth generally have a higher density than 
effusive igneous rocks of the sanae chemical composition. Hence, the 
igneous rocks older than Tertiary are heavier than Tertiary and younger 
igneous rocks, as is seen from the tabulations in paragraph 2 following. 
The density of igneous rocks decreases with an increase in the amount of 
amorphous material. Igneous magmas solidified as volcanic glasses are 
generally lighter than magmas with more crystalline matter. For instance, 
the average density of basalt is 2.90; that of basaltic glass, 2.81; the 
density of rhyolite is 2.50, hut that of rhyolite glass is 2.26. 

2. Mean densities of ore todies as a Junction of mineral composition. 
Although the density of most commercial minerals is high, its influence 
upon the mean density of an ore body is not always so great as may be 
expected because of irregular distribution or lack of concentration through- 
out the ore body. Table 5, which gives average quantities of commercial 
ore per 100 tons of mined material, illustrates the small contribution to 
the mean density of an ore body which may be expected from even the 
heavy minerals. 


Table 5 

AVERAGE QUANTITIES OF COMMERCIAL ORE PER 100 TONS OF 
MINED MATERIAL 


Iron 

25-45 

tons 

Manfijanese 

10-25 

zt 

CUiromium 

10-25 


Zinc 

6-12 

<< 

Lead 

5-12 

il 


Copper 1-2 J tons 

Tin 0.5-1 

Nickel 0.75-2.5 

Mereury 0.7-1 

Silver 0.020-0.075 

Gold 0.0008-0.0015 


Source: Boyschlag, P. Kru«ch, and J. H. L. Vogt, Die Lagerstaetten der nutzbaren Mineralien und 

Gesteine, Yol. 1, p. 2i6 (1914). 


Cn the oth(U' hand, an association with (usually noncommercial) minerals 
may increase the mean density of an ore body; for example, if silver or 
zinc is associated with lead; copper and gold with pyrite; nickel with 
pyrrhotitc', and so on. If the quantities of minerals present are well 
onougli known, it is a simple matter to compute mean densities. For an 
ore body containing 75 per cent quartz and 25 per cent galena, the re- 
sultant density is 0.75 X 2.6 -j- 0.25 X 7.5, or 3.82. The tests in Table 6 
were run on ore samples containing quartz as gangiie and containing 
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varying percentages of iron, (‘opx'Xir, aiul zine-sulfidc^ on^ whose iiu'un 
density was 4.71 

In some ores the densities are directly (l(^p(3nd(^nt on ih(^ iron, lead, or 
copper content; the mean density may them Ire compnUKi from elnonical 
analyses, as boinxe out by the correlation of analyses and cl(‘nsiti(*s in 
Table 7." 

3. Densities of sedimentary formations change with porosity, moidare^ 
and ieplh of burial The porosity of a rock is givc^ii by th(j ratio of volume 
weight and density. If 5<i is the dry volume w(dght (‘Inilk (kaisity'O; 

5 the density of the substance (^hnirieral density''), tlie porosity P = 
1 — dd/^> The density of the sample (powdered, if mcosmry) may he 
determined in a pyknometer and the volume weight, by th(3 iiu^tliod do- 


Tablk 6 

Samplb No. Pkk Cknt Oke DKNmTr 

1 18.0 .'i.M 

2 24.0 :?.82 

3 36.4 

4 4,3.0 4.4H 

Tablk 7 


iSAJMPLB No. 

InOti CONTKNT 

Density 

SAMrri.K N<i. 

Ikon ( ’<»NjKNi 

1 JEWiry 

1 

14.33% 

2.88 

() 

43. (1.3% 

3.78 

2 

24.45 

.3.20 

7 

47.f^) 

3.92 

3 

31.10 

3.37 

K 

49.25 

4.01 

4 

31.15 

3.37 

9 

62.35 

4 .73 

5 

36.25 

3.56 

10 

63.95 

4.H.3 


'Table S 

Igneous rocks (except pumiHtoiici) and in<!t aiii<)rphi(!.s 

Dyiiama-mctamorphosccl scdiineiits ! 10 

(n)nsolidated fledimeiitK Id .30 

ITnconsolidattid sediments, nio.stly i>()sl<T<«t aecMius (cxerijl diati Hiuicfous 
earth and peat) 


serib(al und<‘r paragraph A4. Porosity of ro<‘ks (l(‘)>eri(is on lie* d«*gr<‘{* 
of consolidation in thfM'oiirsi' of their geologic hist ory as \v«di as on wcatlaT- 
ing wIk'Ii exposed jit tdic siirfa(*(‘. Igneous rocks hino' .Niiinllfr- poro.-i t ic.'- 
t ban scdiiiKoitary ro(‘ks. Tal>l(‘S gi\’('sa tahiilation of a\’«‘r;tgc wahios for 
nwcalhe red rock .s . 

In the last groii]), shal(‘S and clays show t li<! grcati-.st varialiiai. Iiniac- 
diatcly after dc])osition, inucls may lia\'e porositios as !ii,ii;h as 7U to tit) 
per cent, silts from 50 to 70 jx-r coat, .sands finrn 30 to -fO per cent. 
.Moisture* affc(‘ts th{*ir ))ulk dcaisity (*ojKsi<l(Tably. Ilcdborg has (li'tor- 
iniiicd porosities and donsiti(*s of clay.s and sands from niauy localities.' 

2 After H. K(iie.h, IldudburJi (Ur Experirncntaiphijailc, Vui. X.W, pt. 3, p. 10 ( 11)30), 

*» Ibid. 

'*11. I), llcdbc'rg, ‘^Tlie eTfeet. of graviliitiona! oampaeti on on the HtnaOnre of 
sediineiitary rocks/’ A.A.P.G. Bulb, 10(11), 1030-1072 (1926). 
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Weathering may produce appreciable changes in porosities and densities 
of surface formations, which may have to be allowed for in torsion-balance 
terrain corrections when they occur near the instrument. 

Densities of formations undergo considerable change when their condi- 
tion is disturbed artificially. Consideration of this effect is important in 
leveling torsion balance stations in hilly country. The volume weight of 
soil or clay may bo reduced as much as 50 per cent, as shown in 
Table 0.' 


Table 9 


Rock 

Trap. . . . . , 
Granite. . . 
Sandstone 


Bulk DENsiTr of 
Rock in Situ Fill 

. 2.992 1.712 

. 2.720 1.552 

. 2.416 1.376 


In the course of their geologic history, sediments are submerged to 
gr(^ater depth and subjected to gravitational pressure and diastrophic 
forces which bring about an expulsion of excess water, a dehydration of 
colloids, and a deformation and granulation of soft grains. This results 
in an apparent increase of density with geologic age. The effect of gravi- 
tational pressure on density and porosity may be determined for moderate 
pressure from experiments on sands, clays, and muds. Hedberg® calcu- 
liited the variation of shale porosity to be expected with variations in 
overburden thickness. A number of other attempts have been made"^ to 
(‘xpress changes in density with depth by a simple formula. However, 
it is doubtful whether such relations, based on observations in one area, 
luv universally applicable for geophysical purposes, since the variable 
(df('c*ts of diastrophisin cannot be separated from those resulting from 
gravitational (^oinpaction. For instance, Hedberg’s recent density-depth 
(MirwAS^ Fig. 7 2) indicate a much smaller increase of density with 
(l(^])th than do th(' curves published earlier for the mid-continent. Hedberg 
con(‘liid(\s that it is best to use different expressioms for the ranges 0 to 800, 
800 1.0 GOOD, and OOOO to 10,000 feet,® but for practical convenience he 
giv(\s tlu' following approximation formula for the entire range (except 
ihv. first. 200 to 300 pounds): P (i)(>rosity) == 40.22-0.9998^ where p (the 
(‘XiKjrient) is pre^ssun' in pounds pjor square inch. 

After A. G. Lurie, Cloel. Soe. Amer. Bull., 33, 353-370 (1922). 

® Loc. cit. 

7 W. VY. Kubey, Aii-ioT. Assoc. Petrol. Geijl. Bull., 11, 621-633, 1333-1336 (1927); 
IJ. S. GeoL Survey. Prof. Paper, 166A, 1-54 (1930). 

L. F. Atliy, Amor. Assoc. Petrol. Geol. Bull., 14, 1 24 (1930), ibiti., Bidiiey Power 
Miiin. teol., 811-823 (1934). 

« H. 1). Hedberg, Am. J . Sci. 31(184), 241-287 (April, 1936), with very coinptele 
bibliography an the subject. 

® Depth in feet and pressure in pounds p)er square incli are almost equal nu- 
merically. 
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The pores of rocks are usually not filled with air alone, but also with 
water, oil, and/or gas, of which, for geophysical purpos(‘s, \vat<;r is the 
most important. It is difficult to estimate the percentages of ponss filled; 
50 per cent is probably a good average. Water content ranges from 20 to 
60 per cent in moderate climates and is less in arid, greah^r in humid 



. Relation of shale porosity 

and density to depth; Venezutda (after 1 ledhe 


Table 10 






W»T Volume 

Rock 


Density i 

WmnuT&t 

Igneous rocks. 


2.80 

2.H(J 

Clays 


2.60 

2.51 

Sandstones 


2. (17 

2.35 

Limestones 


...... 2.7(> 

2.54 


Table 11 





l>uy Volume 

Wet Volume 

Hock 


W'khiht 

\V Kit HIT 

Granite 


2.58 

2.50 

Dolerite 


2.80 

2.1)0 

Basalt 


2.87 

2.8K 

Serpentine 


2.71 

2.71 

Schist 


2J\B 

2.(17 

Shale 


2.7r, 

2 72 

Sandstone 


2.23 

2.35 

Permian and Triasaic sandstone, av. 

2.07 

2 27 

Kocenc sandstone 


..... 1 .80 

2. IK 

Porous limes 


.... 1 .01 

2,20 


climates. The wet volume weight (natural density) i, may 1«' coniiiuted 
from the mineral density 5, Uk? pore volume P, and tlu^ \v;ilcr ('oiitcnl of 
the pores u: 

~ ‘ - imi‘ - m)- - 5(1 - n, 

= 5 ,/ +■ . 
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Table 10 illustrates the effect on density produced by a water couteut 
of 50 per cent in the more important types of iacks.^° 

Table 11 shows the difference between dry and wet volume weight (bulk 
density and natural density) based on actual determinations^^ 

C. Tabulation’s of Mineral and Rock Densities 

Tables 12 through 18, based on the work of many investigators, largely 
Reich, show density values for (1) minerals, and (2) rocks and formations. 
They are divided into groups of metallic minerals, nonmetallic minerals, 
combustible minerals, rock-forming minerals, intrusive and extrusive ig- 
neous rocks, volcanic glasses, metamorphics, and sedimentary rocks. 


Table 12 

DENSITIES OF METALLIC MINERALS 


Mathkial 

Locality 

Ijtybstigatoii 

Density (5) 

Besmares 

Gold 


Fuchs Brauns 

15.6-19.4: 


Silver 


Cl ll 

10.5 


Bismuth 


Cl u 

9.7 


Copper 


C 1 ll 

8.7 


Sylvanite 


C 1 ll 

8.2 


Cinnabar 


Cl ll 

8.1 


Uraninite 


Reich 

8. 0-9. 7 


Galena 


Dana 

7. 4-7. 6 


Argentite 


Fuchs Brauns 

7.2 


Wolframite 


Reich 

7. 1-7.5 


Nagyagite 


Fuchs Brauns 

6. 8-7.0 


Cassiterite , 


1 1 Cl 

6.8 


Wul fenite 


1 t Cl 

6.8 


Vanadinite 


1 1 it 

6.9 


Antimony 


It Cl 

6.7 


Bisnauthinite 

1 

1 i ii 

6.5 


Calomel 


IC Cl 

6.5 


Angles! to 


ic ct 

6.4 


Smaltite 



6. 4-6. 6 


Phosgenite 


IC ct 

6.2 


Polybasite 


IC Cl 

6.1 


.Arsenopyrite 


Reich 

6. 0-6. 2 


Crocoite 


Fuchs Brauns 

6.0 


Onbaltite 


Dana 

5. 8-6. 2 


Pyrargyriie 


Fuchs Brauns 

5.8 


Cuprite 


IC t 1 

5. 7-6.0 


Horrisilver 


U c 1 

5.6 


Proustito 


IC Cl 

5.6 


Valentinite 


IC e i 

6.0 


Psilomelane 


Reich 

5. 5-6,0 



After J. Barrel!, Journal of Geology, 22, 214 (1914:). 
After H. Reich, op. cit., p. 13. 

Ihid. 
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Tables 12 — Concluded 

DEXSrriES OP metallic MINERAf.S 


MATEEIAri I LoCALirV I lNVE»TIOATf)» DENSITY (3) 


Chaleocitc 1 

Dana 


5 .5-5..S 

Millerite i 

Fiich« Braun.s 

n/4 

Benarmoriiiie j 

( i 

t( 

i"). 2 

Miignetito | 

1 c 

(t 

L!> 5.2 

Frariklinito i 

c t 

4t 

5.(K5.1 

Bornite i 

1 1 

{( 

5.0 

Pyrolusite ; , 

t i 

il 

1.7 5.0 

Hematite j 

liciioh 


4A) 5. n 

Pyrite 1 

< i 


4 .9 5. 2 

Tetrahedrite : 

Fuolis r^raiins 

4. 7- 5.0 

Molybdenite ! 

Dana 


4.H 

Markasite ' j 

lleicdi 


4.7 4.0 

Molybdenite j ! 

Fuchs BraunH 

4.5-4. 0 

8tibnitc j | 

Dana 


4 . f> 

Antiinonite , | 

lk*ic-h 


4. <14.7 

Fyrrhotite 

FucJih 

PraiuiK 

4.5 1.0 

Chromite 


a 

4.5 

Manganito 

it 

It 

4. 2 -4. 4 

lOnargite 

ii 

1 c 

4.2 4.5 

Ilinenite 

Ueieh 


4.2 4.0 

Srnithsorii to 

I>aiia 


4 2 1.5 

1 ill tile 



1 

Chalcoi>yrito 

Kuohs 

Brauim 

4.1 1.2 

Malachi to 



1 .11 

Psilomelane 

u 

i i 

2.7 

Zincblenfle 

H 


2.0 1.2 

Aziirite 

KuoIks 

Ul'iUHlH 

li.H 

Bpincl 

< c 


2. 5 4 (J 

AtafamiU' 

“ 

‘ * 

:i.s 

( vovellit (* 

<( 


2.H 

Biderit^i 

It ('i eh 


2.7 2.'.* 

H(.^algar 

I'’il(*hs 

Hrau n- 

1 2.5 

( )rpiin(‘iit 

'* 


2 . 5 

Sphuloritf* 

I )!U1U 


:i.5 1 .u 

Liin<aiitc 

Kcifh 


2.5 i n 

Ti ianil 

Ucic ii 


2. 5 2 j; 

f lyf )erH til 

h'lK’llS 

n.' 

;{ . t 2, r, 

Pliarniacusidcrit <■ 


4 i 

2 n 

( 'obaltbloom 


( 

■J .0 2,n 

Arniahor^it(‘ 


i t 

1 If :5 l 

< h-yolite 

1 4 

ft i 

'2 .0 2,.n 

(llauberitc 

“ 

« i 

2 7 ‘J S 

Vi viaiiiti; 

“ 


2 fV 2 7 

Tlienanlito 

i< 


2.7 

K i esc rite 

1 4 

« t 

2 .5 2.0 

Jiruf*it(‘ 

i i 

i k 

2.2 2, I 

( dirys()0(jliiL 

‘ * 

i i 

2 - f I 2 . :i 

tlay'luHHi te 

t t 

1 1 

I , !i 

Tlierrnoiiiit ri(<* 

1 i 

1 i 

i.O 

HaKHoIiiK* 

‘ ‘ 

i ( 

I. t 
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Table 13 

DENSITIES OF NONMETALIIC MINERALS 


Matbriai. 

Locality 

Invest: OATOR 

Density (5) 

Ekhares 

Barite 


Reich 

4. 3-4. 7 


Corundum. 


(< 

3. 9-4.0 


Fluorite 


It 

3. 1-3.2 


Magnesite 


It 

2.9-3. 1 


Anhydrite 

Beienrodo salt 

Tuchel 

2.9-3. 0 



dome, Germany 




Kaolinite 


Ross & Kerr 

2.59 


Kaolin 



2.5-2. 6 


Bauxito 


Fuchs Brauns 

2.3-2. 4 


Phosphate 


Reich 

2.2-3. 2 


Kaolinite 


u 

2.2-2. 6 


Gypsum 

Beienrode salt 

Tuchel 

2.2 



dome, Germany 




Gypsum 


Reich 

2.2-2. 4 


Salt 

Gulf coast 

Barton 

2.16-2.22 

Av'erage 

Impure salt 

Malagash, Nova 

Miller 

2.16-2.21 



Scotia 




Salt 

<t 

tc 

2.14-2.24 


Rock salt 


Reich 

2. 1-2. 2* 


Older rock salt 

Beienrode salt 

Tuchel 

2.1 



dome, Germany 




AAjunger rock salt 

Cl Cl 

Cl 

2.1 


Kainite 


Fuchs Brauns 

2.1 


Graphite 


Reich 

2. 1-2. 3 


Graphite 


Fuchs Brauns 

1.9-2. 3 


Sulfur 


It tc 

1.9-2. 1 


Sylvitc 


Reich 

1. 9-2.0 


Carnal li to j 


Fuchs Brauns 

1.6 

Av. values 

Carnal litc ! 


Tuchel 

1.6-1. 7 

German salt 

Potassium salt <le- j 

Beienrode salt 


1.6 

domes 

posit 1 

dome, Germany 





Table 14 

i)i:xsrnES of combustible minerals and 

M ISOIOLLANEOXJS MATERIALS 


MA.TKKIAL 1 

Locality | 

Investiciator 

Density- { S ) 

Salt pet cr 


Fuchs Brauns 

2.0 

liorax 

i 

U Cl 

1.5-1 .7 

Prick 

Reich 

1.5 

Anthrat‘ii<! 


(C 

1 .34-1 .40 

( 1 oal 


Cl 

1.26-1.33 


( Ion nail y 

Soblatnigg 

1.2 

Lignite 

Reich 

l.lO-i.25 

Asphalt 

! 


, 1.1 -1.2 

Poat 

i i 

Cl 

1.05 

Ozokerite 


Fuchs Brauns 

1 (J. 94-0. 97 

Ice 


Ainbron n 

' 0.88-0.92 

Wood 


Reich 

0.7 -1 .0 

Petroleum 


Cl 

0.6 -0.9 

Snow 


Ambron.li 

0.125 
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Tables 15 


DENSITIES OF 

ROOK-rOIlMING AND OTHER M IN'IOHAI.S 

MATJEIilAL 

Locality 

iNVESTiaATOIi 

Uknhity (&} 

Zircon 


Fuchs Brauns 

4.() 4.7 

Garnet 


Reich 

:lh 4.2 

Topaz 


Fuchs Brauns 

;l5 :l6 

Diamond 


u 

:$.5-:l6 

Olivine 


Reich 

:l:5 3.4 

Epidote 


t( 

3.3 3.5 

Zobitc 


a 

3.3 3.4 

Augite 


t( 

3.2 3.6 

Apatite 


It 

3.2 

Aridal usite 


tt 

3.1 3.2 

Tourmaline 


tt 

3.1 3.2 

Pyroxene & am phi bole 


tt 

3.9-3. f> 

Hornblende 


Dana 

3.0 3.3 

Dolomite 


Reich 

2.85 2. !J5 

Mica 


(t 

2.8 3.0 

Beryl 


Fuclis Brauns 

2.7 

Chlorite 


Reich 

‘ 2.6 2.7 

Calcitc 


It 

2.6 3.8 

Tale 


tt 

i 

2.6 2.8 

Nephelitc 


“ i 

2J)H 2.64 

•Flint 

K ansas 

Georg^e 

2.54 

Quartz 


Reich i 

1 

2,5 2.65 

Felds'pars 


1 

i 1 


01 igoclasc 


I Dana 

2.()r» 

Albite 



2.61-2.64 

Feldspar 


« 

2,5 2.8 

Ortho clasc j 

it 

2 ,5 2 . 5H 

Serpentine I 

tt 

2.5 2.7 

Leu cite j 

“ 1 

2.45 2.5 


'J’ablk Jf> 

DKXsrriKsS OK i(;M-:()rs hoc'k.s 

Ma'I'Ekial Locality IiKSHnr'4 

1 . Irilruai'i'c RfH'JxH 

Ilornbleiidc^-gabhro 
Pyr^jxcnite 
C Jabbro 

OIiOrie-p;abbn> 

Nophelite-baHalt 

iKiifioiiB rooks 
Pciridotito 
Dio rite 
Norito 
Kssexite 
CJuartz-diorite 
Syenite 


Hcich 2. ',1*1 

2.Ko 
jiiol ' 2. Ho 

SeotlaiKl ! f diciH isttM’ 

I Harrell ‘2.H 

I Hoich 2.7K :D:i7 

I “ 2.72 2.!#!) 

“ 2.7(1 Z.2\ 

“ 2.rdi a. 14 

! 2.r>2 2.'W) 

“ 2 AH) 2.95 
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Table 16 — Concluded 
DEl^SITIES OF IGNEOUS ROCKS 


Material 

Locality 

iNrVBSTIQATOB 

Density 0) 

Re- 

marks 

Anorthosite 


Reich 

2.64^2.94 


Granite 


St 

2.56-2 Ti 


Hephelite-syenite 


St 

2.53-2,70 


2. Extrusive Rocks 





(a) Older than Tertiary 





Diabase 


Reich 

2.73-3,12 


Melaphyie 


1 1 

2.63-2.95 


Porphyrite 


St 

2.62-2.93 


Porphyry 


i t 

2.60-2.89 


Quartzporphyrite 


St 

2.55-2.73 


Quartzporphyry 


1 1 

2.55-2.73 


{h) Younger than Tertiary 
Picrite 


Reich 

2.73-3.35 


Basalt 


ts 

2.7A-3.21 


Andesite 


ts 

2.44-2.30 


Dacite 


ts 

2.35-2.79 


Trachyte 


ts 

2.44-2.76 


Phonolite 


ts 

2.45-2.71 


Rhyolite 


ts 

2.35-2.65 


3. Yolcanic Glasses 





Basaltic glass 


Reich 

2.75-2.91 


Andesite- and porphyrite glass 


IS 

2.50-2.66 


Vi trophy re 


ts 

2.36-2.53 


Obsidian 


ts 

2.21-2.42 


Rhyolite glass 


<< 

2.20-2.28 



Table 17 

DEINSITIES OF METAMOHPH IC ROCKS 


M. ATEEIAL 

Locality 

iNVESTiaATOR 

Density (5) 

Kemahks 

h^ologite 


Reich 

3.20-3.54 


Jadoite 


s t 

3.27-3.36 


Prc-Caiiihrian 

Hazeldean, Ont. 

Miller 

3.0 


Amphibolite 


Reich 

2.91-3.04 


Serpentine 


e ( 

2.80-3.10 


Pre-Cambrian 

Leitrim, Out. 

Miller 

2.8 


Chloritic slate 


Reich 

2.75-2.98 


Slate 


Hcdberg 

2.7 -2.85 


Haelleflirita 


Rei ch 

2.70-2.86 


Phyllitc 


t i 

2.68-2.80 


Siliceous lime 


C 1 

2.67-3.11 


Quartzitic slate 


1 1 

2.63-2.91 


Marble 


1 ( 

2.63-2.87 


Gneiss 


( t 

2.59-3.0 


Granulite 


1 1 

2.57-2.73 


Schists 


1 1 

2.39-2.87 


Graywacke 


e i 

2.6 -2.7 
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Table 18 

DJCNSITIEH OF SKDIMENTAIiV ROOKS 


Material 

Locality 

INVESTIOATOII 

l>ENKrrv (a) 

Ukmahks 


Soil 

Clay, and Various Forma (ions 


Olay, potaali-boar- 


Ross k Kerr 

2.4fi 


jng 





Marl, Lower Tri- 
assic 

Jurassic forma- 

Scotland 

McLintock d 
Pheanister 
Tuchcl 

2.4 

2.;i 2.5 

Keuper Marl 

tions 





Marl, Lower Tri- 


It 

2.;i 2.5 


assic 





Olay, Basal Ponn- 
sylvaaian 

Pulton, Mo. 

lledberK 

2.57 ; 

1 

White flint 
clay 

Olay, groy 

Malagash, K. H. 

Miller 

2. 15 


Overburden 

Soil, stamped wet 
Tertiary forma- 

Kassel, (Icrinany 

Sehlatnigg 

Reich 

Tuchcl 

2. 1 

2. 1 2.2 

2.0 2.4 


tions 





Sediments 

(Uilf coast 

Barton 

1.0 2.(15 

From .mirface 
to r)t)0 ft. 

Sediments 

t( It 

it 

2.20 

From 2(KK) 
4(HM) ft. 

SedimentB 

ti (t 

1 

1 1 

2 25 

From 4001) 
HIK)0 ft. 

Sedimemis 

a ii’ j 

■ 

i 

' 

1 i 

2.50 

L’rom HOOD 
12, (Kill ft. 

( !i vor.'iire 
valiic.s at 
t he.Hc 
< lepf h,* i 

Drift 

Leitrim, ( )iit . 

Miller 

l.s 

n 7(1 ft. 

( 'lays Hands 

Lomu, sandy vv'ct 
Soil, stain pod dry i 

OlasKow, Scot- 
land 

Me Lin lock A' 

Phenii.st cr 

Reich 

1 i 

1 72 

1.7 2 2 

1.0 1 ,0 


Olay, Mio-Plio- 

OroHsh'y, A. J. 

IIc<Il)(‘i'jr 

1 Of) 



Alluvium, r(‘C(ml 

Missouri Hiver, 

St . ( 'harlcs ( 'o,. 
Mo. 


1 .M 

\n *lrii'4 

Soil 


Reich 

1 , 5 2 1 1 


( 'lay, ( 'ri'taceoiiH 

Hiclilaiid Co., 

S. (’. 

llcdbci}. 

1 :.i 

,\ll 1 f < II' I'O I 

Loess, PleiHtnceiK! 

Collinsville, 111. 

“ 

1 Id 


{ 'lay, Miocene 

Vorktowii, N, J. 


1 :(ii 

\.4!nV. .Mlo- 

\va\' (4.a\', 
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Table 18— Continued 

DENSITIES OP SEDIMENTARY ROCKS 


Matesrial 

Locality 

Investigatoe 

Density (S) 

Kbmarks 

Soil, loose dry 


Reich. 

1.3 


Top soil, wet 


(( 

1.2-1. 7 


Top soil, dry 


il 

1.1-1. 2 



Sands, Sandstones, and Conglomerates 

Carboniferous 

Glasgow, Scot- 

McLintoek & 

2.38 


sandstone <fe 

land 

Phemister 



ironstone 





Black River, Chazy' 

Hazeldean, Ont. 

Miller 

2.7 


sandstone 





Sandstones 


Harrell 

2.67 


Sandstone 

McLean Co., Ky. 

Russel 

2.64 


Sandstone 


Reich 

2.59-2.72 


Potsdam sand- 

Leitrim, Ont. 

Miller 

2.5 


stone 





Grav-els & sand, 


Reich 

2.5 


compacted 





Conglomerate 

Malagash, N. S. 

Miller 

2.35-2.38 


Sandstone, Tri- 

Germany 

Seblatnigg 

2.35 


assie 





Sandstone 

Malagash, N. S. 

Miller 

2.32-2,57 


Variegated sand- 


Tuchel 

2.3 


stone 





Sandstone, Tri- 

Beienrode salt 

u 

2.25 


assic 

dome, Germany 




Sandstone 

Malagash, N. S. 

Miller 

2.25-2.45 


Quartz sand, wet 


Reich 

2. 2-2. 3 


Conglomerates 


u 

2. 1-2.7 


Coarse gravel, dry 


u 

2. 0-2. 2 


Woodbine sand 


Brankstone, 

1.05 




Gealy <& Smith 



Gravel, wet 


Reich 

1.0-2. 1 


Sand, wet 


it 

1.7-1. 9 


Sand, dry 


it 

1.4-1. 7 



Shales 

Shale, Permian 

Salina, Kan. 

Hedberg 

2.39 

Wellington 





shale 

Shale, Pennsyl- 

Fulton, Mo. 

a 

2.29 

Cherokee 

vanian 




shale 





(weath- 





ered) 

Shale, Pennsyl- 

Independence, 

ti 

2.31 

Channte 

vanian 

Kan. 



shale 

Shale, Pennsyl- 

Bonner Springs, 

it 

2.28 

Weston shale 

vanian 

Kan. 
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Tabib l&—Omcludei 

DENSITIES OF SEDIMENTARY ROCKS 


Mathkial 

Locality 

Invistigatoii 

Dishsity (4) 

Hismabks 

Shale, Black, Com- 

Palun, Kan. 

Hcdberg 

2.12 

From Mentor 

manchean 




beda 

Shale, Upper Cre- 

Hamilton Co., 


1.1)8 

( Jraneros 

taceous 

Kan. 



shale 

Shale, Devonian 

Hannibal, Mo. 


2.32 

} farnilUni 




shale 

Shale, black 

Irvine Pield, Ky. 


2.57 


Shale, red 

Malagash, N. S. 

Miller 

2.56 


Shale, red 

Malagash, N. S. 

Miller 

2.50 


Chazy shale & 

Leitrim, Ont. 


2.5 

At m ft. 

sandstone 

Shale 


Brankstone, 

2.36 ; 




Gealy k Smith 



Shales 


Reich 

2 . 32.6 j 


Shales, yellow 

Malagash, N. S. 

Miller 

2 . 17 - 2.30 1 


Shales 

Venezuela 

Hedberg 

2 . 0 - 2.45 : 

InereaHing 





with over- 
huriien 

Shales, Tertiary 

Beienrode salt 

1 Tiichel 

1.0 



dome, Germany 






Limestones and Dolomites 


Anhydrite 

Beienrode salt 

! Tucliel 

2.0 



dome, Germany 




Dolomilo 

Leitrim, Ont. 

MilU'r 

2,H 


Dolomite, Ihxik- 

Hazeldcan, Ont. 

t{ 

2.H 


mantown ! 

Limestones 


fhirrcdl 

2 .711 


Limestone i 

J.eitrini, Ont. 

Miller 

2,7 

At *>KH ft. 

Limestones 


Hedch 

2.()K 2. HI 


Liniestones 1 

Kansas 

C loorge 

2.67 


Cap rock 

Gulf (‘oast 

Barton 

2,fi 

A veragr* 

KShales <fe limestone 

r.eitrini, Ont. ' 

Milhm 

2,6 

At l.oH ft. 

(lypsiini (fe anhy- 

Ikdmirode! salt. 

d'uehO 

2.6. 


drite 

Shell limestone i 

dome, { h'rmany 

<( 

2.1 2.ii 


T/iinestono 


BraiikstoiH’, 

2. 07 




< lealy iSniith 



Chalk 


Ihdoh 

LS 2.f; 
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III. GEAYITATIONAL CONSTANT; GRAVITY COMPENSATOR; 

GRAVITY MTJLTIPLICATOR 

The mutual attractioa of all masses is governed by Newton’s law of 
gravitation which, states that the attractioa of two masses TOi and tni is 
proportional to their product and inversely proportional to the square of 
the distance between them, 


F = 




(7-1) 


where F and k are measured in dynes if m is in grams and r in centimeters. 
When, mi = 7712 = r = F = fc; hence, k (called the gravitational constant) 

is the force of attraction between two equal 
masses of 1 g. each at a distance of 1 cm. Its 
dimension in the C.G.S. system is gr~^-cm*- 




w 




O — <D 
(b) 


O 


kf —2 

sec ; although it is exceedingly small (about 
one 15 billionth part of gravity), it may be 
determined accurately from the force exerted 
by large masses upon small masses at a known 
distance. 

The Cavendish torsion balance is generally 
used in making these measurements. The 
force may be determined statically (by meas- 
uring deflections) or dynamically, that is, by 
observing the period of oscillation of the 
balance beam under the influence of known 
masses. Fig. ISa shows arrangements of de- 
flecting masses AT in reference to the deflected 
beam of the length 21, carrying two small 
mass<\s rn at its ends. The angle of deflection, 9, is measured at great 
distances from the balance with telescope and scale. Sometimes the dou- 
l)l(' d(‘flectioii is observed by revolving the masses M about a horizontal 
axis to the other side of the small masses. For the single d(3flection, the 
gravitational constant follows from 


o 

o 

a) 


Fig. 7 - 3 ( 1 . Arrangements 
for the static and clynamic 
determination of the gravita- 
tional constant (after Hcyl). 


k = 


T(pr 

2Mml ’ 


(7-2) 


where r is the torsional c!0('ffici(nit of the wire, and r th(' distance between 
M and m. A corix^ctioii is a])plied sin(*o, for very small (listan(‘es, tlio 
mass of M may not b(3 assumed to b(‘ c(,)nccutrate(l in its (nuitor of gravity.^^ 

H, Heyl, ‘‘A Redeterininatioii of the Newtonkin constant of Gravitation,” 
Proc. Nfatl. Acad. Sci., 13(8), (Aug., 1927). 
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In the dynamic method the period of oscillation of the beam is d<3tcrmined 
with an arrangement shown in Fig. 7-3a and 7-3fc. The large miisses are 
used first in the extension of the beam and second with their axis at right 
angles to the beam. Heyl/^ using masses of 06 kg eaoh for the deflectors, 
a beam 20 cm long with platinum balls of 54 g each, and a scale distance 
of 3 m, obtained a difference in the two periods of oscillation in the two 
deflector positions of about 330 seconds. The transits of the beam were 



Fig. 7~3h. TorHioii-balance nrraiiKC'iiient for tho def of fho gravitational 

fouHtant (after Hcyl). 

roccrdccl on a (;hr()iiognii>Ii, with .si,rnal.s fn»in n Hiclicr clock, 

Heyl reduced the iiK'iui error of incuisurcniciit to ■ 10 ” ('.fl.S., 

and obtained for fc the vahu; of 

k = (i-GW-Kr* fhO.B. 

whi(di is considered the most accuirate value now nvailahl*'. 

Loc. cii. 
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It has been proved by a number of experiments that the gravitational 
constant does not change with the chemical or physical nature of the 
masses used. By the measurement of the gravitational constant, not 
only is the proportionality factor in ITewton^s law determined, but an 
experiment of greater physical significance is made. Since gravity is the 
earth’s attraction upon a mass of 1 g, and since, from Newton’s law, 
Me: = {gBlt)/k, {g is gravity, Me the mass of the earth, and its mean 
radius) it is seen that determination of the gravitational constant is equiva- 
lent to weighing the edfth. As the earth’s volume can be calculated, its 
mean density, 8m, maybe obtained from the gravitational constant: 

__ 1.0014 

k 

where ^ 4 b = 680.616 cm*sec“^, and Rm = 6.371-10^ cm. This relation 
yields 5.53 for the mean density of the earth. 


I 

no 



i 

Fig. 74. Eotvos gravity compensator (adapted from Jung). 

To increase the effect of gravitating masses upon the torsion balance, 
Eotvos^^ designed the gravity compensator and the gravity multiplicator. 
The instruments incorporate a regular torsion balance of the first type 
(curvature variometer), provided with four sector-shaped deflectors whose 
position may be changed hy rotation about a horizontal axis (see Tig. 7“4:). 
In vertical position the attraction of the deflectors is a minimum; when 
arranged in horizontal direction, it is a maximum. If the balance beam 
is in the center of the case, the attraction of the deflectors is zero because 
of their symmetrical disposition; however, if a small deflection, (p^ is pro- 
duced by an outside mass Avhose attraction is to be measured, the de- 
flectors become effective since they are now unsymmetrically disposed 

R. V. Eotvos, ^'Uiitersuchiingeii ueber Gravitation und Erdmagnetismus,’' 
Ann. d. Phys. uad Cbem., 69, 392 (1896). 
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with respect to the beam. If D is the couple preducetl by -an outside 
mass (orbythe “curvature” effect of the gravitational field), and 6'-^ is the 
couple produced by the gravity compensator, then = D + Op. It is 
seen that t, the torsional coefficient of the wire, is reduced to r — ff s r' 
by the action of the deflectors and that the balance becomes more scnisitive. 
The “apparent” torsion coeflficient is given by 

r'=r- (1+3 cos 2^), (7-4) 

where K is the moment of inertia of the balance beam, M the deflector 
mass, r the distance from the beam and \fy the deflector angle from hori- 
zontal. The difference between the extreme values of r (when ^ is 90° 
and 0°) is 6kKM//, With the arrangement used by Edtvos (very thin 
wires, r = 0.15, M = 40 kg, r = 10 cm, and K = 20,{X)0 (kG.S.) it is 
possible even to overcompensato external gravity forr(\s. ^Phe gravity 
compensator is applicable in gravitational model (^xpc^riim^nts not only 
with a curvature variometer but with a gradient varionK^ter as 

The gravity miiltiplicator is essentially a gravity {u>mpenHator for 
^^dynamic” measurements. The deflecitor positions are chang(‘d in syn- 
chronism with the beam oscillations and then^by the beam amplitude is 
gradually increased. 

IV. PllINOIPLES OF GRAVITATION AS APPLIED IN (IHAVITY 

MEASIJRP]MENTS 

As in all geophysieal prohhmns involving fk'ld.s of tln^ analysis of 

the gravitational fi(‘ld makes cxhuisivi* u.s(‘ of two paranict (*rs, tlic field 
voeter and th(^ poU^niial. Th(‘ gravity fitdd has th(‘ |){‘culiarity 

that its three space C()m])on(uits arc very uii(M}ual; tin* liori/Contal compo- 
nent.s ar(‘ small and th(‘ v(*rti(“al compornait is almost {‘{inal to tin* total 
veeior. The force* of gravity, that i.s, the pivs-suro which Ig mass exerts 
on its base, i.s in(‘asur(*d in unit.s of g- cin.sf'c ", or dyii(‘s, and i.s iiumerieally 
but not jihy.sieally (Hjual to the ac(*el(*ral ion of gravity measiiivd in imit.s 
of ('rn.s(*(* “j or ^^(Jals.’^'^^ (’onvenifait pi*aeti(*al units an* fin* iniliigal, or 
10 tial, and tin* inierogal, or 10 (lra\’ity varie.*^ from ll.TH in .^(‘e “ 

at the (‘(juator to 0.8'^ ni-sce " at th(* pob*. (Inivity aiioiualies rarely 
(‘xecod 100 rnilligals. 

The potential of the gravity field is fnapioiit ly oiiipIoy(*(i in its aiialysi.s 
siiiof*, eontrarily to tin* v(‘ctor, it is a s<‘alar (jUJintity. IH first, negative 
dc'rivativcs with respect, to the eoonlinatos represcait tlu* eoiiipoiieiits of 
gravity. Tin* gravity ])()t(‘niial at thc‘ earthhs surface may be (iefirH*<i as 

Named after Galileo. 
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the work performed by a mass of 1 g in falling from space upon the 
earth. Since the gra^rity force in accordance with Newton^s law, is 
g = h{M[R^) (M = earth^s mass, R = earths radius), and since work is the 
product of force and distance, the attraction potential V = kM/R = 
6.25-10^^ ergs. The gravity potential may also be defined as potential 
energy of the unit mass. Since the potential energy of a body of the 
weight at an elevation h is m-h g and since, at the earth surface, 
g = kMIR^, h = Rj and V = kM JR, the potential energy is m- V. A.c- 
tually the system to which this potential is referred is not stationary but 
rotates with the earth; hence, the potential of the centrifugal force, or 
y' = +- 2 /^), must be added to the attraction potential. The total 

potential at the earth^s surface is usually designated by the letter U = 
V “|- y'; 0 ? is the angular velocity of the earth^s rotation, or 2^/86, 164sec'~'^ 
For any point outside a heavy mass, the potential function with all its 
derivatives of arbitrary order is finite and continuous and controlled by 
Laplace's equation: 


d^U d^U d^U 


2a>^ = 0. 


(7~5) 


Points of equal value of U may be connected by ' equipotential" (^leveV' 
or ‘^niveau’') surfaces. The potential gradient in this surface is zero, and 
no force component exists. Any equipotential surface is always at right 
angles to the force. The value of gravity can change arbitrarily on a 
niveau surface ; lienee, a niveau surface is not a surface of equal gravity. 
The ocean surface is an equipotential surface of gravity, since the surface 
of a liquid adjusts itself at right angles to the direction of gravity. The 
distance of successive equipotential planes is arbitrary and depends on 
their difference of potential. The difference in potential of two surfaces 
1 cm apart is 980 ergs; conversely, the distance corresponding to unit 
(1 erg) potential difference is 1 /980 cm. The interval h between successive 
planes is a constant and is inversely proportional to gravity, or C = 
where /iis the interval and g gravity. 

Fuiidamcuitally, the aim of gravitational methods is to measure ^ anoina- 
li(;s’' in the gravitational field of the earth. Since it is not possible^^ to 
eompeusate the normal field by the technique of measurement (as shown in 
Chapt(‘r 8, a compensation of the normal terrestrial field is possible in 
magnetic instruments), its value must l)c computed for each point of 
observation and must be deducted from the observed gravity. The 
theorem oj Claimiit makes it possible to calculate the normal distribution 
of gravity from the mass and figure and the centrifugal force at the surface 

^®“Thi8 applies to the total vector and its vertical component. Horizontal 
gravity components may be compensated (as in the gravity compensator, see p.87). 
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of the earth, and to express this distribution as a simple funetioii of lon- 
gitude and latitude. The coefEicients of the final equation may be deter- 
mined from gravity measurements in different latitudes and longitudes, 
leading to an empirical formula for the variation of the normal value of 
gravity distribution at the surface. The only assumptions made in its 
derivation are that the surface of the earth is a niveau surfaces, and that the 
earth consists of concentric and coaxial shells on which arlitrary <!hange8 
of density may occur. Stokes and Poincar4 showed later tliat thci theorem 
of Clairaut follows alone from the assumption that the earth’s surface is a 
niveau surface and that it is not necessary to assume a distribution of 
density in concentric shells. 

Referring to Fig. 7-5, consider^®^ the potential at the point P' with the 
coordinates xi, yi, 2 i, due to a mass element dm with the coordinates x, y, 


Z 



y 

Fig. 7-5, Ilelation of outside point to maHH (‘iniiient in H[)h(Tif*al body. 


and z. The distaiici^ of F' and of dm from the origin is ri and r, res] 

the angle between thiun Ixnng 7. If tlu* distancM^ hid w’vahi P' and flffi is e, 

then V = k(dm/e). F\irtlif?r, 

- 4 - (y\ - yf +- 

eos y ^ • 

rri 




and 


See also k. Prey, Ehifmhrung in die Geophysik, p. 60 (H)22). 
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Thus, 


i = 4 - — 2rri cos y) \ 

e 


which may be ■written 


1 

e 



cos 7 




(7-6a) 


so that by series expansion and considering only terms up to the second 
order: 


l _ 1^1 + cos r i + ^; (- i + I cos’ .)]. (7-6H 

Substituting the value given above for cos 7, the potential by multiplica- 
tion with h / dm becomes: 

7 = - r dm "f ^ [ X dm + ^ f y dm + ^ I zdm 
nJ rl J rl^ r\ J 

+ ^ f 2^^) dm f ( 2 y^ — i — x^) dm 

-+^J (22J^ - y^)dm-{- J xydm 

2 ri ^ Vi ^ 

4* - f yzdm + f zx dm. 

y*! J Ti *' 

(7-7) 

The integrals have to be extended over the mass of the whole earth. 
If we assume the latter to be concentrated in. the center of gravity and make 
it the zero point of the system of coordinates, 


j' dm = j' xdm = j ydm == zdm == 0; 

J xy dm — j yzdm = j' zxdm — 0. 


The integrals involving the squares of the coordinates are not zero. 
Assuming that the earth is a three-axial ellipsoid of rotation with three 
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moments of inertia, A, B, and C, about tire tliree principal axes, h ,h, and 

h , 

A = J ifdm ; ^ ~ J ^ ~ J ’ 

when Zi = V ; is = Va:* + 2/“ ; hence, 

— f ^ ~ j + (7-8) 

Substituting these values in (7-7), 

7= A- ^|(S + C-2A)-f ^^](CH-A -2i;) 4-” (A + B - 20). 
Ti 2ri 2ri 2ri 

If we drop subscripts, the Icxi^itioii of any surface point may he writtea 
in geocentric coordinates: 

a: = r cos <p cos X and x“ == r“ ('o.s“ ip-\i\ + cos 2 X); 

y = 7 ' cos (p sin X and i/ = (‘os" if - Ul — cos 2 X); 

z = 7 ' sin ^ and 2“ = .sin^ f. 


Hence, after combinin^^ tenns conttiiniag f an<l X, 


kM , k 
V = . +. 

r 2r 






4r 


: (‘OS 


■ <*o 


This is the i)otcntial of the attraction only. The potential fd tlio centrif- 
ugal force must l)0 added to it. Its tlirct^ (‘01x11)0111*11! s an* fb -- x-iJ; 
Cy = Cz = 0 , wlieii cu is the angular ve‘loeity. 1 'hns, the rcsiiltaiit 

eeiitrifiigal forcf^ is -f //“ Ji^^d its potential is V' -- + if). 

In polar coordinates, V' = ^ •^voa'^ f, d’li(‘n tin* total gravity potential, 

A 

r -f- F' = (', is 

, . kM , k A + iiV, , 

U= - -f — 1 C' - 2 ■ ■ ~ 


IJ. “ y,* 

cos’^ f cos 2 X(i? — .4 j -f ^ co.s” f. (7 %) 

This (iXpiTssiori niay be furtlKT sinijilifnid by confining the dfuivaticjii 
to a Iwo-iixinl ellipsoid, that is, liy neglecting tin* deviation of tin* e<|uator 
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from circular shape and by assuming that the two equatorial moments of 
inertia are equal. Thus, if A ^ JB, the final expression for the total 
potential is 

U = +~^{C - A){ 1 - 3 sm\) -f ~ . cosV. (7-9c) 

From this expression, the gravity may be obtained with sufficient ap- 
proximation, by differentiation with respect to r: 

dtU h3^ I 3/c A\ /t 2 2 

9 = - (C - A)(l - 3sm <p) - r eos <p 


or 

3 = -^)(1 - 3sinV) - l^'cosv]. (7-10«) 


The second and third terms in the £rst of the above equations are of the 
second order and are small. Therefore, another simplification may be 
made by letting r = a, that is, by replacing the radius of the earth with the 
equatorial radius, a. For reasons wHch will be evident from what is to 
follow, it is convenient to express g in terms of ZJ. Eq. (7-9i>) may be 
written : 



i + (1 


3 sm cos ^ 


By substituting a for r in the brackets, 

kM 


U = 


(^Q q*2\i^U 2 


Using the til)broviated notation o for (C — ri)(l — 3 siif <p)J2(i^M and 
p forwV cos*'^ (p/2kM, 


and 


g = [1 + 3o - 2p] 


1/ = — [1 + 0 + p]. 
r 


(7-lOh) 


The r may be eliminated from the la.st two equations so that 


0= 


(/ 1 -t- 3o - 2p 


w(i + 0 + pr' 



94 


(! ]{A V n'A'I’IO N A. L M E'rHO DK 


[Chap. 7 


The dmsion givcK g = (f (I o 


g = 


kM 


1 _|_ ^ (1 

^ 2am ^ 


4'p)/kM or in t lu' original notatioa 
2(Ja^ 


3 sin <fi) 


kM 


COS^ tp 


(7- 10c) 


Substituting 1 - siii^ <p for cos* <fi, and using tbc abbrcviutions s, s 
(C - A)l2aM andt s ‘hlc^jkM, 

g = f [1 + s — t + sin* «^(t — 3s)l , 

km 


for which 

g, = [(1 + s - t)(l + sin* pit - 3s))l 

approximately. Thc3 neglocted term, sin^ (p (4st — 3s^ — is very small, 
since all terms in tlie brac*kets involve the squares of the (^artli's mass in the 
denominator. Asp= V/r and V = kM/r^ 1/r = V/kM; thus,g = V^fkM, 
Therefore, the term before the l)ra(‘ket in (K|. (7 10c) is the gravity at the 
equator (since a was previously subwstituted for r) or rath<;r tlu* portion 
of gravity due to attraction only. Siiie(3 the term fs — t) exprcfHses the 
effect of inertia and centrifugal force upon tlu‘ attra<’tion, V’'^/kM 
• (1 + s — t) represents the total (equatorial gravity, . Suhstituting 
Qa for (1 + s — t)/fcM, and b' for (t— lis), \v(‘ obtain a siniph* form 
for the gravity at any point at the surfaces, thus: 

This equation ropn'Siui Is gravity as a function of latitude. It will also 
ho convenient to cxpn'ss th(‘ (uirtli's radius, r, as a funelion of latitude. 
From 0-lOh) 

r = [1 + 0 + p]. 


R(‘(‘alling th(‘ significance of tlu* al )l)rcviat(‘<l notations o, p, s, and t, o 
may l)e ex})rc's.s(‘(l in i<‘rins of s, and p in t{‘rinis of t: o = s(! - sin* <^) 
and p = (t/4)-c<)s* ip. Thus, for r wo havcu 


r 



T" s — 3s fsin^ (p T" 


t 

4 


- cos 



Again Rubstitiiting (I — .sin“ (p) for cos' tp: 


r = 


kAf 

'IJ 


1 + s ^ — sin^^ ip f 3s "h ^ 
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which may be written with the approximations used before: 


r = 


liM 

U 


Since Y is kMJr (the attraction potential), the total (attraction and 
centrifugal) potential at the equator would be 


U = V 




1 -hs -I- 



Hence, a is hM (1 + s + t/d)/^/, so that 

Tf = a(l — a' sin** <p) 

■where a' is t/4 + 3s. 

Resubstituting the values of the coef&cients a' and h', 

I t _ 3((r-^) coV 
^ 4 ‘kYM 2kM’ 


and 


Their sum is 


^ ^ 2a^M ^ 'kM ■ 


^ 4 2 kM’ 


or, substituting c' for a a /kM, 


a'+V==|c' 


(7-12) 


(7-13) 


This equation represents ClairaiU’s theorem. To cletermiae the physical 
significance of the three coefficients, a', h', and c', use eq. (T-IS) thus: 
r = a(l — sin^ ^). If is 90°, then r is the polar radius, or the minor 
axis, of the earth chlipsoid, which may be denoted by c. Hence, c = a 
(1 - a'); or 


a' = 



(7~-14a) 


The coefficient a' is the ratio of the difference of the polar and equatorial 
radii, divided by the equatorial radius. It is called the flattening (com- 
pression). In eq. (T-ll), which expresses the variation of gravity with 
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latitude, the gravity at tlic pole beoomos Pc = j7o(l + b'), if <^ = <)o°. 
Therefore, the coeffioient 


(7-U6) 

Qa 

rc‘pres€nts the ratio between the difference of polar and equatorial gravity 
and equatorial gravity, or the gravitational flattening. Finally, the 
coefficient 

, _ ca a ^ ^ ^ ^ ■% A \ 

® - Mf " mja? ~ IJJa ~ go 

indicates the ratio of the centrifugal force at tlict equator to the gravity 
at the equator. Therefore, the theorem of Clairaiit may he Rtated as 
follows: 


geomcitric + gravitational flattening = 


5 ^ equatorial centrifugal force 
2 (M|uatorial gravity forccF" 


Since this relation involve.s only .surface* cpiant it ih(" figun* of the 
(uirtli may be compiled from a known surfac(‘ di.st ributiou of gravity. 
From a number of earcjfully selected statioii.s, gravity as a function of 
latitude, and thus the cocfFicicut b', may be (letf‘rmin(*d. Tin* coefficient 
c' Is computed from th(‘ known velocity of revolution of the earth. Thus, 
by applying C'lairaut ’s theon*!!!, tJi(‘ flalt {*ning may 1 le {*al(Milalcd. With a 
more’: rigorous dc'rivat ion involving .splun’ical harmoiii<*s of higlicr order in 
(7~-()h) and all mom(*nts of inertia in (7 8), (lairaut’s theorem may be 
stated in more c^xtonded form. If the variation of gra\'ity witli longitudf*, 
in addition to its ehangf^ with latiiuch*, is considen'd, 

(I “ .^i)(l "f" sin“ (p -j" b^^eo.s“ (,?-<’os 2k -f” ••■■). (i loa) 

By a careful analy.sis of t he (list rihut ion (tf gra\'ily and by cdiiainatiug 
stations with largii loj)ographie (dfeet.s and local anomalies, Berroth lia.^ 
c,<)mput<'d tin* following values for tin* eoefli<'ieni s in (7 Llnr. 

g = 978.()4() [1 + ().()()52fH) sin' <p 

■ 1 : 4.4 

4 O.OOOOllfi co.s>eos2a -f - ().()()(HH)7 dn’LVl '7 lo5) 


from wliicli follows th(‘ flattening as ;i funetion of longitude dVoni (bccn- 
wich): a' = O.CHKFToH -f (M)()()()12 eos 2(A T HP), din* maj<H’ axi.> of the 
(dliptical (‘quator is 10° \v(‘st of ( Jre(*in\’i(*h. The flattening in t his nicridiaii 
is 1/296.7, and at right angles thereto it is 1/298.9. The mean flattening 
is 1/297.8. difffTcmei* of the equatorial nulii is only 15B h .uH nif'tens. 
I:I(*ncf*, the equator is practically a circle and Ls eonsidired a.s sueb in all 
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problems in graTitational explora^tion involving calculations of normal 
gravity, normal gravity gradient, and so on. 

Likewise, for many problems in geodesy and geophysical science it is 
desirable to use the same reference surface (namely, an ellipsoid of revo- 
lution) for both normal gravity and geodetic measurements. Tor this 
reason the International Association of Geodesy adopted at the Stockholm 
meeting of the Internatioiial Geodetic and Geophysical Union in 1930 a 
formula not including a longitude term, based on an ellipsoid of revolution 
with a flattening of 1/297 : 

g = 978,049 (1 + 0.0052884 sin' <f> - 0.0000059 sin' (7-15c) 

This international gravity formula is now used in all gravity reductions 
by the U. S. Coast and Geodetic Survey.^^ 

V. PE^7DULUM AND GRAYIMETER METHODS 

A. Theory of the Penoxjltjm on Fixed amb Moving Support 

1. Pendulum m fixed support A mathematical pendulum consists of a 
particle of mass suspended from a point by means of a massless, flexible, 
inextensible cord. In Fig. 7-6 let m be the mass, I the length of the cord, 
and S the angle of deflection from its rest position. In the state of motion 
the inertia force balances the restoring force — ?n-^-sin 6 for 

sustained amplitudes; the weight component cos 6 and the centrifugal 
force m-Z* {d9ldtf are compensated by the tension of the suspension cord 
and need not be considered. Hence, 

~ + ^-sin 0 = 0. (7-16a) 

dr I 

An exact evaluation of this expressioa leads to an elliptical Integral. 
For small amplitudes, dn 9 = 0 and 

+ </d=0 (7-16&) 

where w = the natural angular frequency or the number of oscilla- 

tions in 2r sec, so that with f as frequency and T as period, co = 2tJ = 
27r/!r. 

For finite amplitudes, equation (7-165) docs not apply. A solution of 
(7-16a) is possible by decreasing the order of the differential equation and 
considering the energy of motion, assuming again that no energy is con- 

Personal comiaunication, courtesy of Admiral L. 0. Colbert, Director, tJ. S. 
Coast and Geodetic Survey. 
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sumed by friction or damping. The onergy for the nauximuna amplitude 
a, is m>g4(l — cos and is equal to the sum of the potential energy 
w-p - i(l — cos 0), and the kinetic energy, {d6/dif, for the position $[ 
Hence, 



The elliptic integral has the form 

I ^ a/I — 

whose solution, (se(‘ B. (). Idorre/IablcM^f [ntegrals, \'o. .Til) !• 

'['+(2)‘’’ + (2^0‘’' + G-t6) 

SO that the period 

m /i I ^ • 2 , 9 . 4 a \ 

4 2 + '"/ 

If th(! period for xinall ainplitiidcH is 7’,, , 


f7 16/) 


r« = T„ ^ 


II 1 • 2 , h . i a , 




(7 U 


18 Partly after L. Page, Theoretical Phyaics, Vaa Nostnind ( 1928 ). 
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in which for most practical applications it is snfficient to use the angle for 
its sine so that the ‘amplitude reduction formula’’ is 


Ta = To (1 + 


■■■)• 





For the physical pendulum of the mass M and the moment of inertia K, 

rr -hr • /i 

iT- ^ = -Mgssm 6 

where s is the distance of the center of gravity from the axis of rotation 
(see Fig. 7-7). By comparison with equation (7”16a) it is seen that a phys- 
ical pendulum, in which Kf Ms = I = reduced pendu- 
lum length, is isochronous with a mathematical pen- 
dulum; its period T == 2%\/K/Mgs. 

The reversible pendulum (Fig. 7-8) is a physical 
pendulum with two knife edges so placed that the 
period of oscillation about either axis is the same. 

Their distance is then equal to the length of the 
equivalent mathematical pendulum. It is for this 
reason that the reversible pendulum has been and is 
still being used for the precise determination of abso- 
lule gravity. The distance between knife edges may 
he measured by moans of a vertical comparator. 

Determination of absolute gravity by means of the 
reversible pendulum is a difficult procedure and requires a 
number of corrections: (1) for the flexure of the support^ (2) 
for the effect of the surrounding air, (3) for the elastic tension 
and bending of the pendulum, (4) for changes in temperature, 
and (5) for the rate of the comparison chronometer. 

Inverted or near-astatic pendulums have the advantage of 
smaller mass, greater periods, and greater sensitivity in period 
to variations in gravity- The best-known representative is 
the Lejay-Holweek pendulum. If an ordinary pendulum is 
suspended from a spring instead of from a massless thread as 
in Fig. 7-9a, the restoring force of gravity is added to that of 
the spring. If its spring constant be designated by c^, (see 
pages 449 and 581), the equivalent spring constant of gravity 
(force per unit (dongation) would be mg sin d/ a. Since sin 6 ^ 
aft, the resultant spring constant Cr = Co+ mg/r. It follows further from 
the equation for the elastic line that the equivalent axis of rotation is 


Fig. 7-7. Physical 
pendulum. 



Pig. 7-8. 
Reversible 
pendulum. 


isComptes Rendiies, 186, 1827-1830 (1928); 188, 1089-1091 (1929); 190, 1887-1388 
(1930); 192, 11 16-1118 (1931); 193, 1399-UOl (1931); (1933), 
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Fig. 7-9a. Sus- 
pended elastic 
pendulum. 


1 



Ficj. 7-96. In- 
verted olnstie 
penduliiin. 


I 



Fn;. 7-10. Lr- 
jay-]Iol\v(;r;k pfui- 
(liilurn. 


located approximately one-third of tlie Hprinp; length 
from the point of suspension. Bnhstitntiiig, there- 
fore, fJ for r and ZEJ jf for ihc‘ spring eonslaiit Co 
(where E is Young’s modulus of (dastieity and J the 
moment of inertia of the spring scK'tion), th(‘ n^siilting 
spring constant Cr = ZEJ /f ■+ .so that hy sub- 

stitution into CO == \/c/m: 

“ y ml^ ^ 21 ^ 


In the inverted pfuidultiin thfi action of gravity f^nids 
to drive the mass away from tin* n'st position instead of 
toward it (Fig. T-Oh) ; hence, 


or 



27r 


J 2?nl-^ 




> (7 17b) 


Tlu^ chang(i of ])(Tiod with gravity isgivniliy fIT - //(/ 
TolJ(2EJ — ingt). 7 l>ec*(>ni(\s infinite when m • 2KJ I'g. 
In a derivation not involving the approxiinatimis iiiade 
here, the factor is ttV-I imstead of 2/'* Nunnn’iral eval- 
uation of c(p (7 176) shows tliai in order to obtain any 
advantag(riii sensitivity, the inass ha.s to he made so 
large* that tin* hueklirig str(*ngth of the spring is 
a])i)roache<I. This ean be avoided by using :i long har 
and a short sjiriiig; in tlu* L<‘jay-If(»Kv(*ek jjiuiduluin the 
length Zis sev<‘ral tiinr‘s .‘^mailer than t lie distance A 
(.see Fig. 7 lOj. With K as thf* nmincnl of iruTtia nf 
the*. ])(‘n(bilum mass, the* {)eriod and it- eliaiigc witli 
gra\'it.y 


7’ -- 27r 


Vc, 


K 


Wf//.’ 


rig 7 


2 <•„ — nigl. 


'7 17r) 


With dimensions used in tiic i,cj;i\'-Hi»kvcck 
pciifluluni, a cliaiiKn in period of !■ H) ' sceontls 


““ A. Craf, Zeit. Cieopliys., 10(2), 70 (I'.ttO). 
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spends to a change in gravity of 1 to 2 milligals. This inverted pendnlum 
is therefore 1000 to 2000 times more sensitive than the ordinary 
gravity pendulum. 

2. Pendulum on moving support. The theory of the pendulum on mov- 
ing support is of eq^ual importance for gravity measurements on vessels 
and floats and for land observations in connection with the elimination of 
the flexure of the pendulum support. Details of the theory are given in 
two publications by Vening Meineszf^ only the principal formulas are 
discussed here. On a moving support three factors alter the period of a 
pendulum: (1) horizontal accelerations, (2) vertical accelerations of the 
suspension point, (3) rotational movements of the apparatus. 

When rotational movements are kept down by suspending the apparatus 
in gimbals, horizontal accelerations cause practically the only interference 
with the movement of the pendulum. This interference may be com- 
pletely eliminated by swinging two pendulums simultaneously on the same 
support in the same vertical plane. By extension of cq, (7-16h) the 
equations for two pendulums may he written 


jlW ' 0)2^2 T" 7 .ft * 7 

dP dv h 


(7-18a) 


where y is the horizontal coordinate in the plaac of oscillation of the 
pendulums, coi and 612 their angular freqaencies, Bi aad ^2 their amplitudes, 
and h and I2 their lengths. When an optical arrangement is pro\rided 
whereby only the differences in the amplitudes of the two pendulums are 
recorded, the following equation is obtained for two isochronous pendulums 
(oil = C02 and li = Z2) i 


This relation is identical with the equation of motion of a single undis- 
turbed pendulum. Tt holds fora “fictitious^^ pendulum with the elonga- 
tion “ 02, the same length I and the same frequency co as the original 
pendulums. A correction is required if the two pendulums are not iso- 
chronous. Denoting the period of the fictitious pendulum by that of 
the first original pendulum by Ti and that of the second by T2, the devia- 


21 F. A. yeriing Meiricsz and F. E. Wright, ^Tiie gravity measuring cruise of the 
U. S. Submariae S 21,” Publ.T. S. INfaval Observatory (Washington), Vol. XITI, 
App. I (1930) ;F. A. Gening Meinesz, “Theory and Practice of Pendulum Observa- 
tions at Sea,” Piibl. Netherlands Geodetic Comm. (Delft, 1929). 
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tion from the isochronous condition may be expressed by an equation of 
the form T = Ti + AT, with 

/.2T 

Af = f ^.cos (^ - v), (7- 18c) 

^0)2 Jq a 

where and a are the amplitudes of the second and of the fictitious 
pendulum, and ^2 and y), respectively, their phases. Since, in practice, 

the difference — Tiis usually small compared with ^ may 

be neglected. Letting 6 J 2 M = m — o>i - (!l\ — Tx)JT‘\ and con- 

sidering ^ 2 , o!, and cos (<^2 -- (p) as constant, we have from eq. (7 -18c) 

Ar = - (Ta - Ti) -.COS (p2 - >p). (7 ISd) 

a 

The Vening Meinesz pendulum apparatus is designed to record tlm move- 
ments of the fictitious pendulum by reflecting a light Ixnirn from one pen- 
dulum to the other. In addition, one p)endulum is })hot()graphc<l sepa- 
rately to obtain for the above correction. 

Vertical acceleration of a pendulum is (i(|uival(mt l.o ti cliangt* in the 
value of gravity and produces littkj ehangt^ in [xu’iod, provided fh(^ ampli- 
tude is kept reasonably constant during the ol)S(*rvation. Helutive* move- 
ments of knife edge or slippage on lK‘aring.s arc iicgligibl(‘, |>rovid<‘d tlu» 
amplitude remains sufficiently constant. Rotation ahout a vertical axis 
does not affect the period. Kotatioii about a horizontal axis (iaclinal ion 
of the plane of oscillation) change.s the gravity from g to g cos ji if is the 
angle of inclination. The resulting change in pMuiod is 

A 2’ = + la,), (7 IXf;) 


where i^const. the constant tilt and i.s tlK‘ amplitude of oscillation of 
the gimbal frame al)out this ])o.siti()!i. Arrvbralitin imparted to the 
pendulum in the plane of oscillation by rolniion al>out hotli horizont al and 
vertical axes produces a change in p(‘riod, 



so that by combination with cep (7 18c) 


LT 


l7\(/5foonat. "f Ca]), 





where 


(7 1 %) 
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Tg (the period of oscillation of the frame in the gimbal suspension) and 
^ (the tilt angle) are recorded separately by a highly damped pendulum in 
marine gravity apparatuses. Lastly, the customary reductions for ampli- 
tude, chronometer rate, temperature, and air pressure are applied. 

B. Observation and Ebcording Methods; Pendulum Apparatus 

The high accuracy required in pendulum observations is attained by 
using the '‘coincidence’^ or "beat’^ method. This method may be likened 
to a vernier. Two nearly equal periods are compared by observing which 
time “divisions” coincide. The gravity pendulum is compared with a 
chronometer (or an astronomic clock or reference pendulum) of very nearly 
the same (or double) period, and the number of chronometer seconds are 
measured which elapse between two subsequent coincidences, that is, 



Fia. 7-11, Coincideace rnetliod. 


between two successive instants when pendulum and chronometer are in 
phase.” The pendulum may lag behind (Fig. 7-1 la) or be ahead (Pig. 
7-Uh) of the chronometer. In case u, the pendulum mates (n — 1) 
oscillations for n oscillations of the chronometer; in case b, {n + 1) oscil- 
lations. The pendulum period is Tp = ^ m the first case and 

Tr, = - in the second case. When the periods of the two time 

7^ -T 1 

pieces are a small integer multiple of each other, that is, if the ratio Tp/T^ = 
g, the coineideiice method is applicable if q is slightly less or greater than 
1, or slightly less or greater than 2, and so on. Letting / o (the period of 
the chronometer) equal one second, the following relations apply in the 
general coincidence case: 

rp _ 

n ±: q 


(7-l<)a) 
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By substituting 1/g s v: 


m ^ 

' ~ vn±l’ 

(7-196) 

where 7i is the coincidence interval. In these formulas iliv, ^ign 

lower ^ 

applies if q and v ~ (or ^ any otlier integer). They may also be 

written 

2 

Tj, = ^ rfc: — , 

^ n=F q 

aad, by substituting the reciprocal of g, 

(7- 19c) 

T =1 . 1 

^ V v(to zt 1) 

C7-29rf) 


Horice, fora half-second peadiiluin, compared with a fuIl-secoiHl chronom- 
eter, V = 2 and therefore 


and 


Tp 


n 

2n ± I 


7» = ^ . __„1 

^ 2 4ndz2' 

If the pendulum swings slower than the chroiionietcjr, 

(iT .dn, iind d<j^~y.d'l'. 

vn - 1 7 

If the pendulum Ls so iiuido“ tliat 

" ~ 2v + 1 + J)i 


(7 Uh;) 


(7 11)/) 


(7 111 ( 7 ) 


(I{/ = dn and o/ic millm’cond c/iaiigc in nniicidi it<-f iiilrn.vl l•^l|■l■<■^p<lll(ls to 
071(1 7 nilligal change in 

Coincidence intervals may be observed vis\ially (stn.hn.-iMipic metli<idj 
or be recorded photographically. In IIk; first, nuhliod flic gravity pendu- 
lum is observed only during a short interval when tlie reference peii<luluin 
or chronometer passes through its zero position. Therefor)', the image of 
the gravity irenduluin apiiears in the telescope every seenml with a dif- 


““II. Sclmielil, Zoil. tieoiilivs,, 6 ( 1 ;, 1-15 (li) 2 U). 
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feient phase^ that is, a different distance from the crossweb, and ^ coinci- 
dence^^ occurs when the pendulum image coincides with the crossweb. 
For observation of the flashes, light is shone intermittently through a 
diaphragm upon the pendulum mirror and thence to the telescope; the 
diaphragm is attached to the armature of an electromagnet actuated by 
the electric contact in the chronometer or astronomic clock. Light source, 
electromagnet, and telescope are all mounted in one box (flash box). 

For photographic registration of coincidences, Martin^^ has described 
the arrangement shown in Fig. 7-12. The filament of an electric light 
bulb is projected by means of lens Li and mirror Jkf on a slot placed in the 
focus of the pendulum lens, L 2 . From the pendulum mirror the light is 
reflected and passes through a cylindrical lens to the photographic plate 



Fig. 7-12. Stroboscopic pliotography of pendulum by comparison with contact clock 

(after Martin). 

which advances at a slow rate. The mirror M is fastened to the armature 
of an electromagnet actuated by the chronometer contact. The flashes 
so recorded (see Fig. 7-13) are arranged in a sine curve; one-half period 
is the coincidence interval. The photographic plates are evaluated with 
an accuracy of rbO.Ol mm; the error in determining the coincidence in- 
terval is zt0.03 sec. By observing a sufficient number of coincidences 
(usually ten), and repeating the procedure after fifty intervals, the ac- 
(‘Aira(‘.y is increased to the point where the mean error of the result is 
±0.0001 (sLMi Tabl(‘ 19). This corresponds to an error in T of ± 

.s‘C6*., or 0.1 niilligalmgniVxiy. 

Ill another photographic method, the pendulum oscillations are photo- 
graphed directly on the same film with accurate time marks and (radio) 
time signals, transmitted by a chronometer or reference pendulum. The 
accuracy is increased if two pendulums, swung on the same support with 

23 Zoitsclirift fill* Geopliysik, 6(3/4), 148-151 (1930). 
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opposite phases, are photographed simultaneously. Siiiec the pjissage of 
the pendulum through the rest position, with refcrencjc to a radio time 
signal, may be determined with an accuracy of about 2-l() sec. and ten 
successive passages are observed at intervals of about 40 minutes, the 
period may be measured with an accuracy of about ±2.10 ” .seconds. 



Fig. 7-13. Stroboscopic coincidence rccorcl (after Mart in >. 
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“ After Martin. 

In the Veiling Meinesis iiiotliotl, the (’oincitUnicc rccorfl (Fig;. 7 1 1) in 
obtained Ly interrupting theligtit beam twine during a full .swing. In the 
actual record (see Fig. T in), intjre vibrations occur hotwanui suci^cssive 
passages tlian indicated in Fig. 7~14, since tlie diffiu’cnce in |KTiod bcfwctni 
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the pendulum pair and the chronometer is verv slight. If the period of 
chronometer and pendulum pair were exactly alike, the chronometer 
breaks would always occur at the same relative positions in the pendulum 
curves and the phase-lag-sine curve passing through the breaks would be 
a straight line. If the period 

of the pendulum pair is greater ^ <i 

than the chronometer interval, /\ 'A, f\^'^ 
the chronometer breaks occur ' ' Mm-'i 
at intervals less than a com- 
plete cycle (or | cycle). The 

sine curve of the breaks is Veniag Meinesz pendulma record 

therefore an expression of the (schematic). 




Fig. 7-15. Photographic record of Veaing Meinesz pendalum apparatus, l/pper 
record: First fictitious pendulum with marks of two chronometers. Middle record : 
Second fictitious pendulum with chronometer marks and record of air temperature 
and of auxiliary' damped pendulum 1, recording the tilt angle. Lower record: Record 
of pendulum 2 recorded with reference to auxiliary damped pendulum 2. (The latter 
swings in the plane of oscillation of the regular pendulum while auxiliary damped 
pendulum 1 swings at right angles to that plane.) 

receding movement of the pendulum vector whose angular velocity is the 
phase lag of the pendulum pair. 

The evaluation of the record is made as follows. By an automatic 
mechanism a mark is left off every 60 seconds on the record (for instance, 
before A in Fig. 7-14) . In determining the time of passage of the phase-lag 
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curve (or the coincidence time interval n) these GO-secoiul markers are 
used as reference lines. Instead of the breaks themselvcH l)c.‘iiig counted, 
the excursions on the upper or lower side of the record, surth as d or a in 
Fig. 7-14, may be used. If is the angular piiase lag of the pendulum 
pair for a complete cycle 2r, the number of oscillations r<;quirecl to complete 
the 360® cycle is 27r/A^i?, and the period of the pendulum pair differs from 
that of the chronometer in the proportion 2r/2T — Atp; thus, 

1 0 25 

= 0.5 + ::''^ , (7 20 ) 


2 2t • 


0.5 


where 2n 


27r/^P = the coincidence interval. 

For absolute and relative detcTmiiiation 
of gravity, various forms of pendulums have 
been developed which are dciscribed in detail 
l)y Svvick.^^ Two widely used fonn.s are ill iis- 
trated in Fig, 7 16. A i.s Hit* Ktcmieck-typc 
quartermeter pendulum. The to|> part is a 
stirrup holding a knifc-tnlgc* nuidc of agate 
or quartz and two mirrors. B is a more r<!- 
cent form known as the “rocr* or '“rnini- 
inum'^ pendulum. In it tin* knih* edgt* h 
so placed that a change in its pfjsition has 
a minimum on tin; pfU’iod. In a 

])hysical pcndiiliun the* inoineut of inrM-tiu, 
K = ZA/.s fse<j page W), mu.v In* ennsidcu-ed 
as the sum of two inonumts, one with the* 
nidius of gyration .s about the knife e(lf!;o and 
tluj othfT with tin* radius of gyrntion /'aliont 
th(? <;(uit(*r of gravity so that K -f- 

r“iU and I = (r T lienee fdlows 

by (liffta-entiation that 

2r , . 



Fi(i. 7-15. (A ) SteriH^c'k pen- 
duliiiii; (fi) MciHscr bur ixti- 
iliiliiiii. 


dl - 


iLs 


21j 


For the least change of p(‘rio<l T tmd tlieivfore <if redurfd pc ngth 

I with Sj the factor of r/.s* must la* Z('ro. 'fliis give> .s r and flisrefore 
I = 26'. For ^‘miniinuin’’ ])eii(luluins, (1; the nMiiuMMi jejigth lauu he 
twice the distance of the. center of gravity from the edge, x; (2) the 

radius of gyration in rfdenuuaj to tlieeeiit(‘r of gravity mu>t liee(|ual to the 
distance s. It is not diflieult to do thi.s for einailar roils since r" 

■+ where*/, is the geometric haigth itnd fl the nulius. 


11. 8\vick, Modern Methods for McaHuriiig llu* fntfoj.sity of i I 

and Geodet ie Survey, Serial No. lAU. 
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Pendulum apparatuses have gone through a process of slow development. 
Although they have been largely replaced by the gravimeter in geophysical 
exploration, they still retain a fairly important place for deep water marine 
exploration where it is impracticable to lower remote indicating gravimeters 
to ocean bottom. The pendulum apparatus for regional geodetic work on 
land generally consists of an evacuated receiver with one to four pen- 
dulums, a lens and prism arrangement for visual observation and recording, 
*a flash box, and a chronometer or reference pendulum. The earlier 
representatives are the U.S. Coast and Geodetic Survey apparatus, the 
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Fig. 7-17. Optical paths in Yening Meinesz pendulum apparatus. No. 1 records 
0i — O-i . No. 2 records $2 — h • No. 3 records 02 (the prisms a and b are fastened 
to the first auxiliary pendulum, moving in a plane parallel to the plane of oscilla.tion 
of the principal pendulums). No. 4 records air temperature (prism c is fastened 
to a temperature recording device). No. 5 records the position of the second 
auxiliary pendulum moving in a plane perpendicular to the plane of oscillation of 
the princiiml pendulums (prism d is fastened to this pendulum). The horizontal 
projections of the rays numbered 4 and 5 coincide; the other prisms have a height 
of 30 mm, but c, d, n, and o have a height of only 12 mm and are above one another. 
Ulie prisms e, J, g, h, i, k, I, n, o, and y and the lenses arc attached to the top plate 
of the apparatus. 


lAichnor-Potsdam pcudulum, the Askanm-Steraeck apparatus, the Mcisser 
4-pcndulum instrument, the Nuincrov pendulum apparatus. Reference 
is made to the literature^'' for descriptions and illustrations of these types. 
Only the Yening Meinesz marine apparatus, the Askania 3-peudulum 
instrumentj and the Brown gravity pendulum of the TJ.S. Coast and 
Geodetic Survey will be briefly described here. 

In the Vening Meinesz pendulum af'paratuSj three pendulums are siis- 


H. Swick. he. cil. A. Berroth, Handb.d. Phys., 11(9), 447 (1926). H. Solimohl, 
rianclb. Kxper. Phys., 25(2), 216-238 (1931). 
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pended in the order mi, rriz (see Fig. 7-1 7) from left to the right, and an 
optical arrangement is provided to record two fictitious pcuidiilums, one 
representing 6i — di, the second 62 — 6^. In addition, pendulum 2 h 
recorded independently with reference to a higlily clamptid auxiliary 
pendulum in the plane of oscillation of the other pendulums. A fourth 
record is obtained from a second highly damped pendulum, which swings 
in a plane at right angles to the plane of oscillation of the r<*gular pcuidu- 
lums, giving the angle of tilt 0.^^ Altogether five pendulums are contained 
in the apparatus. The regular pendulums are as nearly isodironouB as 
possible, the differences in periods not exceeding 50 X 1 0 ^ sec. at normal 
pressure and temperature. In the damped pendulums, one unit in mounted 
inside the other, the outer pendulum being filled with oil. The entire 
pendulum apparatus is suspended in a frame in which it may be leveled 
by means of four screws. This frame, in turn, is suspended in gimbals. 

Many desirable features of the Vening Meincsz iKmduUim apparatus 
have been incorporated in the A ^kania three-pendulim apparatus, shown in 
Fig. 7-18. The receiver is rigidly anchored with t hree leveling screws and 
clamps (4) to the base plate (3) and consists of a roughly rectangular case 
(1) with a hood (2), both made of duraluminuni. An air-tight seal is 
provided between them so that a prcs.suro of about 0.1 nun may Ixi main- 
tained inside for 6 to 7 hours. The three pendulurns an^ arrested and 
released by three movements (10). During transportation from one 
station to another an additional mechanism (8) is providc'd, whicli Hcteures 
the pendulum in three sockets; two of these arc s<‘mi b(dow the mirrors (14) 
while one of them has been taken out and is shown se|)arat(*Iy in front (11). 
Three impulse disks (7) are provided to start pcnduIiimK at tin* {l(*.sired 
time with a phase difference of 180°. The pendulums arc of tlu* invariable 
type, about 430 mrn long and 2G mni around. The* knife (‘dg(‘ is locuted 
about 120 mm from the center. The upper surfac'cs of the {HUHliilums are 
polished to act as mirrors, reflecting the light on tin* mirrer.s (M j thnuigh a 
lens (15) into a recording a])paratuH shown in tie* cci)it<‘r of \ hv picture. 
This apparatus may Ik^ us(‘(1 with time .signals transiuitt.(‘cl by radio fiuiu a 
pendulum located at a (-(‘iitral station. If the latter is adjusted to iiiut<*h 
the field pendulums within 2-10 ‘\s(‘C()n(l.<, c(yiici<h‘ue{‘ intervals arc around 
120 seconds and are (kderrnined with an af'curacy of f).2 sc-cond. For a 
two-hour set, an accuracy of drO.G- 10' ' sfvonds and tlni.s a mean error in 
gravity of only 0.2 milligal is claimed. 

The Brown pendulum apparalufi of the IbS. Goasl and ( Icodct if* Survey 
represents a considerable improvfunent over their earlier type*. .As in the 
latter, only one pendulum is used, housed in an air-tight r<‘c-(dver (Fig. 


See eq. (7~18e) and (7--18gf). 




jndulum a-pparatus. 
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7-19). On top is a photo coll arrangomont for I.Ik' traiisniission of tlie 
pondulum oscillations. 



V. S , ( 'iMint iiful (pttKthtir S^irtny 

I'k;. 7-10. lii-mvii gravity apparntii.s. rpjKM* part (NuitjunH n 'f’Di <1 iitj' and 

f>hof,()(‘I(a!tri(! (‘cll; Inw(!r ('evaaiiat^id) part coni ;ii i,.-' fhc fj m . p< ■iid ul uin . 

1 hr J.rjaij-Ifo/urri' prudulufu (ippdrafus is t li.st inji;u i> Ihm i froui otinT 
]><!n(luluin iiistriiin(‘iits by it.‘^ .small sizt* and woiglif, TIk* |m* 
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inclosed in an evacuated glass bulb not much larger than a radio tube 
(see Fig. 2-1), consists of a fused quartz rod 4 mm in diameter and 60 mm 
in length, extends into a pin, P, for observation or photoelectric recording, 
and is fastened at the bottom to an elinvar spring, E, which at the thinnest 
point has a thickness of only 0.02 mm. An ingenious arresting mechanism 
clamps the pendulum by a slight movement of the diaphragm, Z). In this 
manner, the vacuum inside the tube is not disturbed. The period of. this 
pendulum is about 6 to 7 seconds; the time required for a single observa- 
tion is about 4 minutes. A 40- to 60-minute observation period gives 
better than one milligal accuracy in gravity. 

C. Time-Determination and TmE-SiGNAL-TnANSMissiON Methods 

For an accurate determination of the pendulum period some sort of a 
standard timepiece must be used, such as a contact chronometer, a contact 
clock (Riefler), or a gravity pendulum. None of these (with the possible 
exception of a well-protected gravity pendulum at a central station) 
retain a sufficiently constant rate and must be compared with absolute 
time standards. This comparison may be made ( 1 ) astronomically, with a 
zenith telescope, (2) by recording of observatory time signals transmitted 
by wire, or (3) by radio. The following discussion of time-determination 
and time-signal-transmission methods will include a description of pro- 
cedures used for transmitting pendulum oscillations from a base to a field 
station or vice versa. 

1. Astronomic time determination is now used in emergency cases only 
when reception of time signals is impossible. With a zenith telescope the 
time is determined when a star (or the sun) passes the astronomic meridian. 
At that instant the hour angle of the star is zero and its right ascension is 
equal to the local sidereal time; therefore, the ‘^time correction’^ of the 
chronometer is right ascension minus chronometer time. 

2. Reception of observatory time signals. In most of the U. S. Coast and 
Geodetic Survey pendulum work until about 1932 the telegraphic noontime 
signals of the U.S, Naval Observatory were used. They were recorded on a 
chronograph, together with the beats of the contact chronometer. Relays 
wore employed throughout to save the contact points in the chronometers, 
since their time lag does not affect the chronometer rates as long as it 
remains the same in successive time signal observations. Tf the telegraph 
office is too far away from the loondulum room where the chronometers arc 
located, a hack clironometcr is compared with the stationary chronometers, 
then carried to iho telegrapli office, and afterwards coinparocl with the 
stationary chronometers. 

It is now the more common xu'iiotice to record radio time signals on a 
chronograph toegether with the beats of the comparison chronometer. 
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A standard radio receiver and a variety of circuits and instruments may be 
used for recording. With chronographs, relays must he employed; an 
ordinary headphone receiver may be changed readily to a relay by attach- 
ing a bridge with an adjustable contact spring to its top. In some chrono- 
graph recorders thyratron arrangements have been applied (see Fig, 7~20). 

3. Reception of time signals from a central station. Witli observatory time 
signal reception, a pendulum station requires 24 hours, since this is the 
interval at which these signals are usually transmitted. However, if a 
chronometer at a central station were connected by wire to the flash box 
at each field station, time comparisons could be made as frequently as 
desired. Berrotli was the first to apply this method in a pendulum survey 
of a north German salt dome. For larger surveys, wire connection is 
impracticable and radio transmissioii is used instead- Transmitters range 



Fig. 7-20. liadio receiver with thyratrem and inechanifa! relaya for tiin 
recording (after Weber, Richter, and ( lelTcken ). O', , I )(‘ff‘rt(»r rirruit ; flj , amplifier 
circuit; 0^ , tliyrutrou; 6%, inechaiiieal relay and rireuit hrcakcr. 


in power from 50 to 200 watts and in wiivv. length from -10 to 100 meteni. 
In the transmission of ehronornetcr beats, the contact circuit through 
an input transformer into the grid of tlKMnodulntor tube or<)|H*nitesH nday 
which controls the B-sup])Iy of the traii.sniit tm*. 

If a gravity penduhim is the time standard, capacitive or photoelectric 
tranHinission of its ])(‘ats is cinploycHl. As shown in Fig. 7 21, the pen- 
dulum itself, or a pin fasteiuul to its hob, is one plate of a (‘oiaieuser and 
passes the fixed plate wluni the pendulum goes through il.s zero piKsition. 
This change in capacity may l)e to control a t rau.smit ter in various 
ways. In tli(3 arrangoinent .shown, the pciMluIum passage changes the 
tuning of a regenerative OHcillator. ^fho n ‘suiting changes in plat e current 
arc amplified and opjcrate a relay, which in turn (‘ontnils the B-, supply of 
the transmitter. In the ])hot<K dec trie method, ihv. light hcain refhuded 
from the pendulum mirror is u.sed to make contact. The light .soiirc.*e and 
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the photo cell shown in Fig. 7-22 are in the focal plane of the lens attached 
to the front of the pendulum receiver. Wheu the pendulum passes through 
the rest position, the photoelectric cell receives a light flash and passes 
current, which is amplified and operates the transmitter through a relay. 
Fig. 7-23 shows a photo cell connected to a four-stage resistance-coupled 
amplifier and a transmitter without relay. 



Fia. 7-21. Trans mission of penduluiu beats from central station by capacitive 
method (adapted from Mahnkopf). 

Radio time signals may be 
picked up at the field stations 
l)y standard short-waFC rcv 
ceivers provided with some 
sort of a r(‘<;ording d(3viec in 
the output stage so that the 
signals may bo photographed 
on the sam(‘ film witli the os- 
cillations of the field pondii- 
liims. A simple i-eoording 
device miiy be made of a telophone rt^cciver (2-40()0 ohms) by removing 
the diaidiragm and rc.^placing it by a stool rood with a mirror. To rednea^ 
static and of lua* iiitorforonoe, the reed slioiild be tuned to tln^ signal fro- 
(luoiicy. In the Askania mirror d<wioe CFig. 7 -2-1), an armature with mir- 
ror is so suspcnided tx'tween the poles of a horseshoe magnet that it adjusts 
itself parallel to the lines of force and is deftected as plate current passes 
througli tlie coils fastened to the one pole piece. A regular oscillograph 
(‘onpled to the output tube by a step-down transformer is likewise ap- 





5ourci 


1-22, Arniiigeincnt for photooldcl ri( 
trnnsniissioii of pciidiiliuri beats. 
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Fig. 7-23. Photoelectric cell, amplifier, an<l transmitter. 



American Ankania Corp. 


Pi«. 7-24. Mirror tiovice (Askania) in ampli- 
fier stage added to receiver. T, triuiBfornier; 
H, horseshoe magnet (end viewj; M, mirror. 



C MA 


Fkj. 7-25. Amplifier Htag(i with njcording 
glow tube. 1\ TraiiHform(‘r; (/, hiuH batt ery ; A , 
battery; B, li battery; MA, niillifimnKder ; 6', 
glow tube. 


plicable. Any inertia in the 
recording system may be 
eliminated by a glow-tube 
(>scillegra[)h as shown in Fig, 
7-25. Its cathode is a 
slotted cyliiuhn'. llie length 
of th(‘ light glow in it is pro- 
portional t(; Ihe (‘urrent. 

D. I NSm r M KNT f ’ORRKO- 

IN PkNOITIIJM 
OnSKKV ATIONH 

(Virreetions aw. r(‘(}uired 
in pendulum oljser\’ations 
beeau.sc^ of (1) variations in 
lbf‘ rate of the 
chroiiornef er, ( 2 ) < 
of j>erio(l on amplitude, (3) 
tompf‘rat lire, (-1) air pressure, 
and fo) ficxiirf* of the .sup- 
port. 

1. ''Fho rarrfdian far raid 
e/ (hf’ chranintivirr i.s (hder- 
rnined hy etunparing; it with 
ast ronoinieal time defeniii- 
nation.s at least every 24 


hours, or with radio time signals. The pendulum period reduced for 


the chronoraetiir rate is 
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Trei. 


chroa. 


= T^obs. + 


S 


86,400 


Tohs.j 


(7-22a) 


where S is the rate of the chronometer ia seconds in sidereal time per 
sidereal 24 hour day (positive if losing, negative if gaming), so that the 
rate correction itself is 0.00001157 jST. The correction for chronometer 
rate on the coincidence interval n is 


provided the pendulum swings more slowly than the chronometer does. 
For rates less than seconds per day, equation (7-22h) may be simplified 
to 


S 

^rcd.chron. =71 o£i Ar\r\ 1) (7--22c) 

oD, 4 U 0 

If /S < 2| sec., the efiect is less than 0.1 milligal. 'No correction for 
chronometer rates and no time comparisons are necessary if measurements 
are made simultaneously on two field stations and if their flash boxes are 
connected to the same chronometer, or if radio time signals sent out by a 
central astronomical clock or pendulum are recorded simultaneously. Of 
course, rate corrections are likewise unnecessary when a gravity pendulum 
is used for radio transmission from a base station. 

2. The amplitude correction follows from formula (7-16/i.), so that the 
reduced period Tred.a^o = T(l — a^/16 ••••), in which a is the average am- 
plitude during an observation. It may be considered as the arithmetic or 
geometric mean of the extreme amplitudes or may be obtained from 
‘^Borda’s relation. ” If ao is the initial amplitude and a/ the final amplitude, 


or 



ib) 


2 


a 


= aoa/ 


ic) 


sill {oq + aj) sin {ap — o^/) 
2(loge sin ao “ log« sin a:/) 


which, for small angles, is 

2 2 

/ 2 <^0 — < Xf 

^ 2(loge ao — ioge a/) 


(7-23a) 
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With the last expression, the arc correction is 

_ JT 1__ QgQ - < “/ _ 

2.3 X 32 logm ao — logio «/’ 

If the effect of this rednctiou is to be less than 0.1 milligal, the amplitude, 
must not exceed With a simplification permissible for such amplh 
tudes, the reduced coincidence interval is 


^red. a «»0 — n- “f" CL 


(7-23c) 


The correction may be further reduced if referred to {coni^kmt) average 
am'pUt^de am and a mean coincidence interval 


«„ = W + I2(a„ - - (« - a„)l. (7-23(i) 

3. In the temperature correctiori it is sufficient to assume a liiniir change 
of period with temperature. The change in length of invar pcjiiduiums 
ranges from 1.2 to 1.6 u per meter and degree C'entigrade. (Quartz pen- 
dulums expand much less, while brass or l)ronze |)end\iluins increase in 
length as much as 20 /i per meter and degre<5 Centigrad<\ Th{‘ reduced 
period is 

7n.<.i.t<.np. = T - CoO - 0J, (7 24a) 

wher<3 C() is the ‘^tem{:)eratiire coefficunit,'’ det(*rinin(Ml by experiiiKjnt.^ 
The correction on the c*oincid(me(^ intcu’val is 

“f" C()(0 ( Ki) f b 24b) 

where ih(' ndalion Ix'l \v(‘(‘ri C(, and is 



4, The (lir-prc.ssNrr ror/yr/ /Vo/ arises from the fai*! that fh<‘ pcriorl ef the 
pendulum is IcMigtlnaied })y the Imoyariey of the air. hy its liy d rody iianiir 
and hy its viscosity ( int erior friction ). 'The hiioya, ucy efTeet, is the 
most important and d<‘p(MHls not. only upon tiie pressur<‘ of the airlmt !ils<i 
njton th(‘ {unount of \vat(‘r va])or in it. Tiiat is, the buoyariey ofTi*et is 
l(\ss for saturated air than for dry air at the same piessiire. hbr this 
leason a “liygroniet (a- eornadioid’ has to lx* applied to the ol»ser\x‘d air 
pnassure !md th(‘ nahuaal air d(‘nsity is computed from the relation 


ph - <).377p,. .h 
7()()11 T 0.003665(0 - O J r 


(7 ‘25a) 


1 1. Srlinicli 1, Uir. Cl/. 

S<‘}iin(*lil and \M .fciiiiii*, Za-if. Ir»stnmK'iitfukiuid<\ 4$' 8», MH» I'.riar. 
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■where Pi is the manometer or barometer reading in Doillimeters, the 
saturation pressure of water vapor, h the relative humidity in per cent. 
Then the period as reduced for air pressure is 

Tred.»ir = T - c ,(S - 8<,), (7-25b) 

where So is the mean density of the air (constant) and Cp is the pressure 
coefficient to be determined by experiment.*® The coincidence interval 
reduced for air pressure is 

^tred. air “ U. “f“ Op (5 “ So ) , (7“25c) 

where the relation of Cp and Cp is given by 


c,> 


(2?i.fgd. 1) Cp , or c 3) 


1 

(2rred.)"'‘*’‘ 


(7-25d) 


5. The Jlexure correction is due to the fact that the vibrating pendulum 
produces oscillations of the receiver case, of the pillar, and of the surface 
soil. Rather complex coupled vibration phenomena arise aad the period 
of the peuduliiin itself changes. Numerous methods have been suggested 
to correct for this influence or to eliminate it. Since the correction is of the 
order of 10 to 40 • on solid rock or cement and may increase to as much 
as 500-10“^ sec. on marshy ground (Berroth), it must be determined 
accurately. 

The displacement of the point of suspension of the pendulum is 



(7-26a) 


where Y is the horizontal tension produced by the pendulum and e the 
elasticity of tin; support. The tension, F, may be assumed to be equal 
to the restoring force. Hence, from equation (7-16^), Y = Mgs sin 6/1 
and By = Mgs sin 6/1. Then the differential equation of motion, 


d^6 . g . a 

S. f i as 


0 , 


is identical -with the ectuation given for the Vening Meinesz peaduluiii 
(7-18a) aad the "disturbed” pendulum length and the change in period 
are given by 



A2’ 



} (7-266) 
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Since the flexure of the support produces an increase in period, the 
flexure correction (sometimes called only flexure), is always negative. 
Flexure is determined experimentally (1) by applying an external force 
(producing a deflection of the pendulum apparatus), or (2) from the 
displacement caused by the moving pendulum itself. Since (according to 
cq. [7-“26a]) the elasticity of the support is given by the ratio of horizontal 
force and corresponding displacement, the horizontal stress may be applied 
statically to the pendulum receiver by weights and pulley and the resulting 

displacement may be measiirc^d by a micro- 
scope or an interferometer. The (ixternal im- 
pulses may also be produced periodically; then 
the forced oscillation amplitude of a light aux- 
iliary pendulum (at rest at the beginning of the 
test) is measured. 

Methods employing external foiTCs are now 
superseded by those making use of the effect 
of the oscillating pendulum itscilf. They meas- 
ure the corresponding displacement of the re- 
ceiver or the effects of the “driving” upon a 
companion pendulum. For making direct flex- 
ure observations, the pendulum apparatus is so 
set up that the p(MKiulinn 8\ving.s to and fro in 
respect to the telescopt* of tlu* fla.sh box. A 
mirror, F (.se(‘ Fig. 7 2f)a), is attached to the 
head of the pendulum reciruuu’ and an inter- 
f{‘rometer is ])laecd bdvveen jx'nduluni and 
flash box on an iiid(*pen(l(*nt .support. From a 
s(nire(*, SL, of rnonochrornatic light f sodium- 
chloride in an ah*(>hol huriier) the light bemna 
travels through the hui.s, A, to the two phiMi- 
])arallel glass ])lat(*.s, and (\ S is provided 
with a s(uni reflect in g bar king of .<ilvor so that 
])ari of th(‘ light is refi(‘ct(*<i to the mirror,/^, 
and from it into th(‘ tclo.^eopc, 7', w'hilo another 
portion goes t hruugli tli(‘ platens, and to a stationarv mirror. M, and 
ilKuice into tli(‘ telescoiu*. 

Th(; glass plate, C, is a eoinixai.sator lo make tie- Iwo ligiit. r;t>'s travel 
through (‘xacfly th(‘ same snbstauees and the saim* t liicknessos on their 
way to the t(d(‘se()pe \vh(‘r(‘ th(‘y iinit{‘ nn{h*r t’ondit ions produeing iiiter- 
f(‘r<‘n(‘c. As.shown in Fig. 7 2i)h, a nurul><*r (jf dark and light bands appcjar, 
th(^ former eorrespoiiding to a ]>hase difference of oiushalf wavelongth and 
the; latter to a full-wave p^hase shift. When th(‘ peiiehiluni mirror, 



- 0 " 


Fio. 7-26a. Interferom<3ter 
(after Wright). 



Fio. FririgcH and 

fritifrc (liKplaoeinonl.M faftcr 
Wright j. 



Chap. 7] 


GEAYITATIONAL METHODS 


121 


moves periodically, tire distances traveled Isy both rays change and the 
fringes shift periodically. If light changes to dariness and back to light, 
the movement has been one fringe, the phase shift one wavelength, and the 
displacement of the mirror one-half wavelength, or 0.29 microns (since the 
wavelength of sodium light is 0.58 microns) . The shift of the fringes dx, 
is expressed in terms of fringe width, x, and all observations are reduced 
to 5 mm arc (not semi-arc) of pendulum movement. The correction on 
the pendulum period is determined by measuring periods T and correspond- 
ing fringe shifts {F) under varying conditions of stability of the pendulum 
support so that the flexure “coefficient’' C/ = ATjAP. Then the flexure 
correction 

=(F).Crcx = ^. c/ . (7-27) 

X (Zaj 


k set of flexure observations with calculations is reproduced in Swick^s 
pamphlet-^® The actual displacement of the pendulum support is very 
small ; for Arm ground and pillar it varies from 0.06 to 0.10 fringe width or 
0.017 to 0.029 microns. 

Twin-pendulum, procedures give greater accuracy* than the interferom- 
eter method in the determination of flexure. Observations may be 
started with the companion pendulum at rest or with both pendulums in 
opposite phases and identical amplitudes. The second method is more 
accurate, since theoretically the influence of flexure is completely elimi- 
nated. Only a small correction remains, because of the impossibility of 
keeping the amplitude and phase relations of the two pendulums constant 
throughout the entire observation period. If, in the first method, one 
pendulum is at rest at the time to 0 and (p2 — <pi = 7r/2), and if at the 
time t the amplitude as of the driven pendulum and the amplitude ai of the 
driving pendulum is observed, the effect of flexure on period and coin- 
cidence interval respectively is 


ATfiex. = 


0(2 


ofi 7r(^ — io) 


A ^2 n 


Oil — ^o) ’ 


(7"28a) 


provided the phase difference at the end of the observation period is still 
nearly 90°. If two pendulums swing against each other on the same 
support, the flexure corrections for each pendulum on period and coin- 
cidence interval are, at any instant 


30 ]^0Q^ cil, 

=■ H. Schmehl, Zeit. Geophys., 3(4), 157-160 (1927). 
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(7-286) 


in which and Fn, respectively, are approximate values of the flexure 
corrections obtained from equation (7-28^). The values of these cor- 
rections for the entire observation period arc found by integration between 
the limits h and ^ 2 , reckoned from the time to wlien the pluusr* difference is 
eixactly 180° and the amplitude ratio is {a%Jai\ and {ailat\\ 


M’l = -f|i - 


' 2 LVS 1 

(7'.- 7'.) +F^l -3(-' 


■ COS (ip*2 — ipi) 


ti- ti 


(7~28c) 


T2 lias the same e(4uivaleni as (Uj. ( 7 - 28 r) with ai/a2 iast end of a^/ai. 
The correction for th(^ coincideiUMMiitorval, witli //;« --= (?ii + ^2)2, is 



(7 28r/) 


lli(‘ /12 has the saiiic (‘(|ui valcnit as r(|. (7 2S// j w'ilh instead of 

«o/ai and (/irn. ^imj) ins<f*{id of 

(diiniiial ion (d’ ficxiin‘ by the siinultaa(‘ous ()s<‘illat ion of two p<‘in 
(luhiias is so p(‘rf(‘ct that, allboiigh the flexure iisidf may be 20 50 X M) ' 
seconds, tlu^ c<')rr(‘(*tions seldom <‘xee<'d —1 X K) ' scm-oikIs, j>ro\*i{led thc! 
|)has{^ diff<'reii(*(‘s do not (i(?vint(‘ more t han 80° from bSO*^. 

(,). Kxdnrplvs of pendulum ohacmilions ha\'e bcfui | )iibli.sh(‘(l I)\' various 
authors foi* difhnvni iiistruraeiiis mid prociniures. A eompletc set of 
II. S. (oast and (h'odetic Survey oliservations has hcrui reproduced by 
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Swick.^^ F or the Potsdam apparatus, observ'ations with the oiie-peadnlum 
and twin-pendulum methods are found in Sehmehrs publication Vening 
Meinesz has illustrated the application of his method by photographs of 
records and calculation exainples.^^ 

E. Gravimeters 

The pendulum methods discussed in the preceding section are sometimes 
referred to as ''dynamic’" gravity procedures since they involve the meas- 
urement of time. Other possibilities in the same category are: (1) the 
determination of the time and distance characteristics of free fall in vacuum; 
(2) a comparison of gravity with the centrifugal force of a rotating body by 
measuring the slope of a surface of mercury subjected to rapid rotation in 
a vessel. Kone of these methods has been perfected to the same degree of 
accuracy as that found in pendulum or gravimeter methods. 

The term 'gravimeter/’ or "gravity meter/’ is customarily applied to an 
instrument involving a static method of comparing gravity with an elastic 
force and a measurement of the deflection or position of certain "indica- 
tors’" when gravity and comparison force are in equilibrium. In the 
barometric method, atmospheric pressure as measured with an aneroid (or 
boiling-point thermometer) is compared with the reading of a mercury 
barometer; in the volumetric method (Haalck gravimeter), both sides of a 
mercury barometer are connected to two vessels with the air under different 
pressure. In all remaining static gravity methods, the elasticity of springs 
is used for comparison with gravity. 

The mechanical gravimeters fall into two groups: nonastatic and astatic. 
Gravimeters that are modifications of horizontal seismometers^^ may be 
called horizontal seismo-gravimeters, while those resembling vertical 
seismographs may be designated vertical seismo-gravimeters. 

1 . Barometric 7nethod. If atmospheric pressure is measured at different 
localities with an aneroid and a mercury barometer, discrepancies result 
because the mercury barometer is affected by variations in gravity. Since 
the aneroid dexis not give sufficient accuracy, the boiling point of water is 
measured instead to give atmospheric pressure. The barometric method 
was the first to make possible determinations of gravity on board ship and 
was perfeeted principally by Hccker. To obtain a mean error of ±40 
milligals it is necessary to read the boiling point with an accuracy of 
1 /1000° 0. and the barometer with an accuracy of 0.01 mm. How much 

Loc. cit. 

22 Schmehl, Zeit Ceaphys., loc, cit. 

2^ Loc. cit, 

2® See page 580, Pig. 9-94. 
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the error could be reduced on land has probably not been determined. In 
any event, this method is not likely even to approach a modem gravimeter 
in accuracy. 

2. Volumetric method (Haalck gravimeter^®) is illustrated schematically 
in Fig. 7-27 j where v and v' are the two volumes and z and z'j respectively, 
are the positions of the mercury menisci. If p is the pressure in the volume 
V and y' is the pressure in the volume v', then the difference in pressure Ap 
must be equal to the weight of the mercury column so that Ap = 
where 5 is the specific gravity of the mercury. To obtain sufficient sensi- 
tivity, use is made of vessels of greatly increased section, of a lighter liquid 
(toluol) on top of the mercury, and of small capillary tubes, C and C', for 
reading the menisci. The increase iu the accuracy is proportional to 

the ratio of the sections of the ves- 
sel and the capillary (about 10,000 
in the Haalck apparatus). A dis- 
placement of the menisci by about 
1 mm corresponds to a (diange in 
gravity of one milligal. In the 
first experimental model, the mean 
error was dhlO milligals. The 
lastest model is a (jiiadruple ap- 
paratus, has an accuracy of about 
one milligal, is suspcuKlcd in gim- 
bals, and may l)e tisiMl on board 
ship. 

3. I 'naHialized rnerhamcal grau- 
imctrr.s utilize the (‘laslin hu'cc of 
springs and tin? torsion of wire.sfor 
comparison with gnivity. .Me- 
chanical, optical, or electrical 
means of magnification are applied to obtain thi^ ruu^essary acrur*acy of 1 
in 10 niilliDii. In a spring graviriKdra*, th(‘ d(‘fl(‘cti(Hi, d, is iiivcrsidy pro- 
portional to tb(i sfiuan^ of its natural fr(‘(|ii(*ncy, Sinc(‘ th(‘ ndation 
Wo = x/c/m may be written'^' wo = ni-g/d-m, tin* v^ariation of d<‘t!(‘(*tion d 
and of th<'. reading a with gravity (V = st.titu* maguifi(\atio!i j is given liy 

AfZ = -f and Aa = V (7 -29) 

60 (t'in 

’« ir. Haalck, Kelt. Cicoph.v's., 7(1/2), '.»5 103 (1931); 811/2), 17 :«1 lI'.KiL'i; 8(6), 
197-201 {l!);j2); 9(1/2), SI -81) (1933); 9(6/8), 285 29,5 (19331; 11(1/2), 55 7-1 (1935); 
12(li, 1 -21 (11)35). Tdr.ni, Ileitr. luipjw. Ocophys., 7(3), 285 31R(U)38). 

” Sco piiKC .581, (!q, (l)-83j. 
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It is seen that for high (mechanical) sensitivity an increase in period 
(astatization) is of advantage. However, not all gravimeters are astatized. 

The Thrclfall and Pollock gravimeter^® is one of the earliest examples of 
an nnastatized gravimeter. It consists of a torsion wire about 0.0015 in. 
in diameter, supporting in the middle a quartz bar about 5 cm long and 
0.018 g in weight, whose position is read by a microscope. One of the 
studs holding the wire is fixed; the other is rotated until the bar end coin- 
cides with the crossweb in the microscope (horizontal position). The 
corresponding stud position is read on an accurate dial. 

The Wright gravimeter closely resembles the Threlfall-Pollock instru- 
ment, two tapering helical springs taking the place of the torsion wire. 
Between them a small boom with a mirror is adjusted to horizontal position 
by turning one of the studs supporting the springs. An illustration based 
on a patent drawing is given in the author's publication on gravimeters.^® 
In the most recent type^*^ measurements are made as follows: The springs 
are wound until the boom is horizontal, at which time the reading of the 
spring-supporting frame is recorded. Then the spring is unwound so that 
the boom passes through its vertical position and reaches a horizontal 
position on the other side. The corresponding reading is recorded; the 
difference between readings for the horizontal boom positions is a measure 
of gravity. Since the boom is used near the upsetting position, this 
instrument may be included in the group of astatic gravimeters. Accurate 
temperature and pressure control is required; the accuracy is about 1 
milligal. 

The Liiidblad-Malmquist (‘^Boliden") gravimeter^^ consists of two 
springs carrying a light mass with two disk-shaped extensions (see Fig. 
7~2Sa) . The upper disks act as the variable condenser in an ^ ultrainicrom- 
eter" circuit. Using a spacing of 2-10“^ cm, the authors claim to have 
been able to detect displacements of the order of 3.5- cm. A gravity 
change of (jiie milligal corresponded to a displacement of about 5.5-10“^ 
cm, so that variations of the order of 1/100 milligal would be detectable. 
Because of various interfering factors, however, the mean error in the held 
was 0.1 to 0.2 milligal for a single observation and 0.05 to 0.1 milligal for 
five to tc‘ii obs(irvations. The ultramicrometer circuit acts merely as an 
indicator, the deflections being compensated by electrostatic attraction 
b(itwocii the upper plates. The distance between the lower plates is so 
adjusted that a potential difference of 10 volts corresponds to a gravity 
variation of 1 milligal. 

Phil. Trans. Roy. Soc. (A) 193, 215-258 (1900); (A) 231, 55-73 (1932). 

0. A. Heiland, A.I .M.E. Tech. Publ., 1049 (1939). 

F. E. Wright and J. L. England, Am. J. Sci,, 36A, 373-383 (1938) . 

A. Lindbhd and I). Malmquist, Ingon. yetensk. Handl., No. 146, 52 pp. (Stock- 
holm, 1938), 
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In the Hartloy^^ gravimeter the mass is supported approximately from 
the center of a beam hinged on one end. The movement of the beam is 
transferred to two rocking mirrors that rotate in opposite direct ions when 
the beam is displaced. The main spring supporting tlie beam above the 
mass is made of an alloy of tungsten and tantalum, carries 99.9 per cent of 
the total load, is wound with high initial tension, and in ext(*nded i){)Hition 
is about 10 cm long. A small additional spring is provided for compensat- 
ing the beam deflections by rotation of a micrometer screw. 

In the Gulf (Hoyt) gravimeter, Fig. 7 28b (U. S. Patent 2, 131 ,737, (Jet. 4, 
1938) a spider weighing about 1(X) grams is suspended from a helical spring 
of rectangular section. A spring section whose width is much greater than 
its thickness produces a rotation of the suspendcid mass when the weight 
changes, this action being eomparablc with that of a bifilar suspension 
(see below). The dimensions may he so selected that a (diarigc* of 0.1 



Fig. 7-2Sfr. IjirHlhPifi-MnliiiqoiHt. p^ravinicfcr (Hriii'inat ic i. 


iTiilligal produces a ddh^ctioa of th(‘ ordei* of 1 arc‘-.s‘(*f)ii{i, I )(‘fl(‘r{ ions 
are measured by a n)ultipl(‘ n!fie(‘tion sciuj) involving two seinii'idlf’cting 
Ions(^s. One of lhes(‘ is attaeh(‘d to th(‘ s{>id(*r. Sea,l(‘ :in<l light .souroci are 
ill the conjugate foci of th(‘ lens eornhination. U(‘adiiig t lie tcutli nniHiple 
r(‘fl(‘(‘tioM, a dofl(jetiori of 1 arc-siaifind rorresponds to ahmit 2f) seah* 
divisions. 

In th(^ Askania-Graf graviiuetm’*'* a mass is suspemh'd lively from a 
lielical spring. Its d(dk‘etion is measured with an electrical di-placf ‘lociit 
nutter (presumably o])erating without ainplifierj with a iii.'igiiification of 
about 4-l()^ Temperature compensation and a double ha ttcry-opn ‘rated 
thermostat is provided. The accuracy is of thf‘ oni(U’ of 0. 1 inilligal. It 


Physics, 2 ( 3 ), 123430 f.Marcli, 1032). 

A. (}raf., Zeit. CJoophys., 14(5/6), 1M- 172 (I03H). 
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follows from oq. (7-29) that a deflection of 2.5*10 V is produced by a 
gra-vity anomaly of one milligal, since the natural frequency is 1 sec. This 


displacement, with a magnifica- 
tion of 4*10^ gives a galva- 
nometer deflection of 10 mm, 

4. Astatization oj gravimeters is 
equivalent to lowering their nat- 
ural frequency. It involves the 
application of a negative restor- 
ing force in such a manner as to 
drive the mass away from its rest 
position and to aid any deflect- 
ing force. 

While unastatized gravimeters 
are invariably vertical seismo- 
graphs, the process of astatization 
makes it possible to utilize hori- 
zontal seismographs for gravity 
measuroinents. Virtually all 
liorizontal seisnio-gravimeters ani 
inverted pendulums, analogous 
to the.* Wiochort astatic seismo- 
graph (Lojay-Holweek and the 
[sing gravimeters) . Vertical seis- 
mographs may be astatized by 
attaching the suspension spring 
below th(j horizontal axis of th(‘ 
lever arm (Ewing), by using th(‘ 
spring at an angle of less than 90® 
with the hearn fBeiiage/*^ La- 
Coste^^), by combining a hori- 
zontal pendulum with a vertical 
balance (Sehmerwitz^^), by fas- 
tening an inverted pendulum per- 
manently to the center of the 
bciain (Tanakadate, Thysscri) , 
or by providing an additional 



Fi(i. 7-28/). Gulf gravimeter (after Hojt). 


“H. P. Jicrlagc, Jr., Hand^ucll der Geophysik, I'V(2), 385. 

J. B. LaCoste, Physic-s, C(3), m-176 (1934); Seis. Soc. Ainer. Ball., 2B{2), 
176-179 (April, 1935). 

“Zeit. Geophys., 7(1/2), 95-103 (1931); Beitr. angew. Geophys., 4(3), 274-295 
(1934). 
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‘^period’' or ‘‘pull-back’' spring through the axis of rotation (Truman 
Mott-Smith). In vertical and horizontal seismo-gravinKdcn’w, the restoring 
and labilizing forces act in the vertical plane with rotation about a hori- 
zontal axis. It is also possible to produce a lal)iliziiig gravity moment 
with action in a horizontal plane and rotation about a veutical axis (bifilar 
suspension). The tendency of such a system to come to rest in the lowest 
position of the mass produces a horizontal torque. Bifilar systenns may 
be astatized by “twisting" the bifilar suspension 180° (Fig. 7 30), or by 
addition of a helical spring (‘Trifilar" gravimeter, Fig. 7 31). 

By astatization the sensitivity to gravity variations is gr(‘atly increased. 
If 1 ] is the (positive) restoring force and k the (negative) labilizing force, 
then the resulting restoring force, Af, is 

N ^ Ti- K, (7-~30a) 

If the system is to be stable, 97 must be greater than k, Tlui dc'grce of 
astatization, A, may be dofiined^^ as the ratio of tlu^ labilizing for(U‘, /c, and 
the resultant force, N: 


A - k/N. (7 -306) 

The degree of astatization, A, incrcuises, therc.don^ with the labiliziiig force 
and the difference betwccui the restoring and the labilizing for<'(\s. ainall 
differences in cither may be observed with great accuracy. In some 
astatic systems differences in sta!)ilizing force art‘tli(‘ object (jf ohservation; 
in others it is cliffenuicc's in tin* labilizing force (inverted gravity jxui- 
diilums). If the labilizing f(>rc(\s ar(‘ held constant and changc.s in tlui 
stabilizing fore(‘S ar(' ol).s(U’V(‘d, the r(‘sultant 1’f‘storing foree and th(i 
degree of aistatization change, in ae(*()r(ianc(' with 


= (A + I) 

A 77 


f/A 

A 


-(A + I 


dr} 

V 


(T me) 


Dn th(‘ oth(‘r hand, if changes in tlu‘ labilizing forces an* observed, the cor- 
responding ndatioiKs an^ 


diV 

c/A 

A 



K 


= (A +- l)'^^ 

K 


(7 3i)d) 


Cm. Isiag, A.I.AI.p;, Tuc-h. PiibL, H2H f.AuKUHt, UKU). 
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5. Horizontal seismo-gravimeters resemble ia principle the well-known 
Wiechert astatic seismograph. In the Ising gravimeter a quartz fiber is 
stretched between the prongs of a fork-shaped support and forms the 
horizontal axis of rotation of an inverted quartz rod fused rigidly to the 
fiber (Fig. 7-"29). The pendulum 
assembly is mounted on a heavy 
metal block hung from two leaf 
springs in such a manner that it 
can be turned slightly about an 
axis parallel to the fiber by tight- 
ening a spring attached to one 
side of the block. When the block 
is tilted at an angle the pen- 
dulum is deflected from its verti- 
cal position by the angle 6. In 
the position of equilibrium, 

rjd == k{ 9 (p) 

or 

0 = _L_ = A<p. 

7] — K J 

Assuming that the gravity at 
a (base) station is go and that a 
tilt, <py has produced the deflec- 
tion, 6o, the labilizing force at 
that station kq = 77 ^ 0 / + ^o)- 
If, at another station with the 
gravity gi, the same tilt angle is 
used, the labilizing force is ki = 

“h ^ 1 )- Then the difference 
in gravity is Ag = g{Ki — kq)Jkq 
or, in terms of (small) deflection 
angles for constant tilts, 

= - ll (7-31W 

Uq tp -j- Ol J 

Fig. 7-29. Ising astatic gravimeter 
The deflection of the inverted (section), 

pendulum is read with a micro- 
scope, and the tilt of the block is measured with the micrometer screw 
that controls the tension of the tilt spring. In the instruments described 
in the published reports the mean error was 0.5 to 0.6 milligal. 

The Lejay-Holweek pendulum with some modifications also could be 
used as a static gravimeter to operate like the Ising instrument. 
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The N0rgaard gravimeter^^ has two inverted quartz pendulums leaning 
toward one another, with an index rod between them. The distance 
between the ends of the quartz rods is read with a microscope and is a 
measure of gravity. The entire system is immersed in water of constant 
temperature and is thus highly damped and insensitive to vibration. 
The mean error is about 0.3 milligal. 

6. Vertical seismo-gravimders fall into two groups: (1) instruments in 
which gravity changes produce rotations about a vertical axis (bifilar or 
trifilar suspensions) ; (2) gravimeters in which this rotation takes place in a 
vertical plane and about a horizontal axis. In the hifilar gravimeters^ 
the restoring force is due to the torsion of the suspension wir<;s (equivalent 
torsional coejfficient r) as well as to gravity, since the suspended mass is 
raised upon rotation. If 2a is the distance of the 8iLS})€nHion points above, 
26 the distance below, and d their vertical distance, tlic effect of gravity is 
given by the expression mg- ah Jd and, therefore, th(^ resulting restoring 
force is 

+ 2,, (7-32«) 

where d' is the verii(*al disiariee (•oirc('t<‘d for a reduction in length which 
occurs because of, thc^ bonding of the \vir(‘.s. With a inorncnt f)f iiiortia 
K, the period of oscillation of a mass on hifilar suspension i.s 

T = 2tt ^ K ! ^2r + (7 326) 

which, how(wer, is niueh too short to give sufii<*ieiit stuisiti vily to gravity 
variations. A bifilar sysbaa can l)<‘ n‘adily astatizial [>>' ch.angiiig the 
sign of the second term in flat (haiorniiiator of e(|. (7 32/o, that is, by 
making gravity th(‘ labiliziiig for<*(‘ trev'ersiug th«' sus{ )fiisiori IKth^us shown 
iiiFig. 7 30). Then 

'/’ = 2r /j/ A-y" (2r - y ./nf/) - '7 :V2c) 

With high astatizing faeiors tJiis procedun* iiH-reases tlie sensitivity to 
gravity variations about KJOO-fold, which i.s an iinprowiueiif of similar 
order* as in tiie Lf‘jay'lIol\v(‘ck pendulum, wlun’o gra\ it y liloavise arts as a 
Ial)iliziiig force. I^ifilar graviim^lers have bc^m eenst riicpM i by Herroth/^ 
lsing,'‘^ (Fig. 7 30), and Hart Brown. 

Bifilar instruments with erossed wir*(*s appear to he inf(*rior to the 

X0re:anr(i, 1 )an.sk (hMxiaetiHk la.sf. MeUd., No, 10 ( Kulnaiha vri, lO.'iS *. 

Zeit. Geophys., 8(8), SGC (1^2). 

Loc. cit. 
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trifilar gravimeters which are capable of the greatest seasitivity yet at- 
tained in such instruments. The trifilar gravimeter consists of a disk 
supported by a helical spring at its center and by three equally spaced 
wires at its circumference. It was first described by A, Schmidt.®^ Fig. 
7-31 is a schematic showing only one of the suspension wires, fastened at 
the ceiling at C and attached to the disk at A. The vertical distance of C 
above the disk is CB = d, and its horizontal distance from the center is 
OB = a. The radius of the disk is OA = r and the horizontal distance 
AB = e. When a disk deflection, <py has been brought about by a torsion- 
head rotation, a, the suspension wire is deflected by the angle, from the 
vertical. The total weight, W, is so dis- 
tributed that the coil spring hears a weight 
W — w and the suspension wires each 
vrJ2 or wys, depending upon whether two 
or three wires are used. If w/2 is re- 
solved into its components, Q and H (see 
Fig. 7-31), it is seen that Q is ineffective 
and H = w/2 tan /3 = we/2d. Its tan- 
gential component, H cos produces the 
couple 2Hr cos In the triangle OABy 
e-sin (90 ^ siu With cos f = 

a sin (p/e, the couple Dg = wm sin (p/d. 

It is opposed by the moment of torsion 
of the main coil, Di = r{a — (p). Thus 
in the equilibrium position, 


r(cx — ip) — sin ^ = 0. (7“33(x) 

Small changes in the weight of the disk 
and hence in gravity will produce large 
deflections, since 



d(p 

dw 


dr 

1 


sin if 


v!ar 

cos <p -j- T 


(7-33b) 


It is tiiivM that maximum sensitivity occurs when the denominator is 
zero or when cos^ = —rd/vrar. As r is small, the position of maximum 
sensitivity is very close to 90® from the position of zero defection. With 
a trifilar gravimeter, Tomaschek and Schaffernieht^^ have recorded the 

^iBeitr. Geophys., 4, 109-115 (ISOO). 

Geophys., 9(3), 125-136 (1933). 
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c 



Fio. 7-31. Action of trifilar 
gravimeter. 


A 



e 

Liqhf 


Fk;. 7-32. Trunuin 


changes in gravity brought about by 
the changes in attni(‘tioii of the* moon 
with an accuracy of about ().(K)1 milli- 
gal. A portabki instrurn<*nt for gravity 
exploration has not y(*t. Ix'cni dcA'cloped. 

The Truman gravunu^ter (sec* Fig.7- 
32), us(*d diiiefiy by the* Humhlo Oil 
Company and assoeiatc^d (ximpaiiies, 
is similar in c^onstruetion to a lowing 
astatic vorticuil sensmagrapli. TIkj beam 
consists of a right triangle with the 
right angle at the axin of r{)tation. 
The mass is attached to the end of this 
triangle, and near it a vc‘rtieal coil 
spring supports most of the* mass and 
th(} beam. An astatizing spring is at- 
tached to the other eorin^r of thc^ tri- 
angle, approxiniat(‘ly h(*low tin' point 
of suspension. Tin* accuracy is of the 
order of 0.5 inilligal,'”* 

The Thyssen grav’irnc’t cT (Mg. 7 83) 
is likewise^ a Ixuim-type v(»rtical seis- 
mometer. Tin* Ix’ani is liorizontul and 
susp(‘nd(ul in the* center on a knife 
edg(*, th(d)alaiicing spring h{*iiighous(*d 
in a tii})(* siirroiindiMl by ;i \vat(*r Jarkc^t 
expanding downward with an iiunvase 
in t<‘nii)erat!ir<‘ to otTsvt the iiici'casc 
in spring l(*ngth. An astatizing arm 
is fa.sfcnicd to the center of the Ixuim 
which is made of fustMi (|uartzan(I has 
a length of 15 to 20 (‘in. Two hejim.s 
arc arranged side by (-.aeb in antijKirai- 
Icl arraiigmiKUi 1 as in i\ tarsion bulanetn 
d'hey .an* clani|H*(l by ,a inceliaiiisin 
o]K‘nitc(l from tin* top of the instru- 
imait juid an* read scpnra t(*ly by the 
()])ti<*;il arrangenn*!!! shown in the 
figur(‘. d'lic zero posit ion is (*:ileuiat(‘d 
from ri'vcr.snl rcaidings. The mean 
(‘iTor of (UH* station is l).2.5 inilligal, 


B Bryan, (donphysies, 2(4) , 301 :i()8 ('Oct.., 1 1)37) 
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that of repeat stations about 0.5 milligal®^ The drift in one day is 1 to 
1.5 milligals. 

The Mott-Smith gravimeter^® (Fig. 7-34) is essentially a torsion-wire 
gravimeter with astatization. The torsion fiber (2) is made of fused 
quartz and carries a weight arm (1) to which is attached the pointer (3). 
A negative restoring force is supplied by a 


fiber (4) passing through the axis of rota- 
tion of the weighing arm. Deflections of 
the system are read by a microscope. 

Gravimeter readings are affected by tem- 
perature, air pressure^ humidity, abrupt 
changes and slow drift of the base reading. 
These effects must be corrected for and be 
determined by experiment; furthermore, the 
sensitivity (scale value) of the instrument 
must be known. The ef ect of temperature 
is complex, cannot always be calculated, 
and is generally determined by experiment. 
In most gravimeters some sort of temper- 
ature compensation and thermostat protec- 
tion is provided. If this were not done, the 
temperature effect would be tremendous. 
In a spring gravimeter a change of 1°C. 
would produce an apparent change in grav- 
ity of 200 to 300 milligals. In a volumetric 
gravimeter the same temperature change 
would correspond to an apparent gravity 
anomaly of 3000 to 4000 milligals. 

Changes in air pressure affect some 
gravimeters, depending upon construc- 
tion of the case and the weight of the 
moving member. The buoyancy in- 
creases with barometric* pressure, and its 
effect on the*, reading is determined by 



experinKiiit. Changes in humidity may 
produe(^ large effects in gravimeters whoso 
mass is small, since water condensation will 


Fig. 7-33. Thyssen gnivi meter 
(schematic). 


k. Schleusenor, 2eit. Geophys., 10 ( 8 ), 369-377 (1034:); Oel und Kohle, 2 ( 7 ), 
313-318 (1034). St. v. Thyssen and A. Schleiisener, Oel und Kohle, 2(8), 635-650 
(1935); Beitr. angew. Geophys., 6(1), 1-13 (1936). St. v. Thyssen, Zeit. Geophys., 
11 ( 3 ), 131-133 (1935) ; 11 ( 4 / 5 ) , 212-220 (1935) ; Koitr. aiif^ew. Geophys., 6 ( 2 ), 178-181 
(1935); 5 ( 3 ), 303-314 (1935); 7(3), 218-229 (1938). A. Berroth, Oil Weekly, 76(13), 
33-37 (March 11, 1935). F. lAibiger, Beitr. angew. Geophys., 7(3), 230-244 (1938). 
Geophysics, 2 ( 1 ), 21-32 (Jaii., 1937). 
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produce large changes in equiv^alent mass. In soiiuj instrunKnits, calcium 
chloride in solid form or as supersaturated solution is used to keep the air 
dry. 

Although the sensitivity of a gravimeter is proportional to the square 
of the period, determinations of scale values by period observations are 
not in use (except for qualitative observation while adjusting an instru- 
ment), since there are numerous other methods with whieli mah values 

can be determined more easily and accu- 
rately. Some gravimeters may Ixt calibrated 
by tilting. Tor an inclination, effec- 

tive gravity changes from g to g con ip; there- 
fore, the apparent difference in gravity is 

2 

^g = ^(1 - cos ip) = Hin^l (7-34a) 

Many gravim(*t.{‘rB lend tlH‘^lSf»lv^^s readily 
cin. 7-34. Mott-Smith gravi- to scale valu (3 dcdcrininat ions by ad<lition of 

meter (schematic). weights (see Tig. 7 35). If thci total gravi- 

meter mass is the apparinit 




Looid, mgrcfins 


change in gravity protiueed by 
an addilion of mass m is 

M (7 3ih) 

Graviinctcs's vvitli eondtuiscr 
plates may readily lx* (‘alibraUxl 
cl(‘ct roshit ically. If tin* t wo 
denser ])lut(‘S hjivc; e(}Uiil .surfaces 
of S s(piarc (•(uitiinettu’s at a <lis- 
tance of d (‘ent iniel ers, tin* ap- 
pnriuit change in gravity brought, 
about by a volt ag(MlifT(‘ren(a‘,E, is 




SE^ 

STT^/'Glf 


(7 34e) 


Fjfi. 7-n5. (itravinioter calibration by ufldi- . oyi ; 

lion of mass (after iSclileusonor). In terms of capacity C S/Ittc/, 

which is more readily <ictcr- 

inirKul/'^ the appanmt (hange in gravity is 


Ag = 2t 


E'C" 
SM ' 


(7 34fi) 


A. Lin(il)Ia<l and I). iVIahiKiuist, loc. cit. 
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Almost any kind of gravimeter may be calibrated by measuring the 
chaage in reading with elevation. A sufficient difference exists in most 
office buildings between basement and the highest floor (Fig. 7-36). 
From the formulas given in the next section for the “free air” reduction, 
the change in gravity with elevation is 

Ag (in milligals) = —Ah (in meters) •0.3086. (7-34e) 

Because of the elastic hysteresis of the suspension material, most gra- 
vimeters show a more or less appreciable “drift” of the zero position with 
time. Furthermore, abrupt changes in. base position may result from 
mechanical changes in the moving systems. Both kinds of changes may 



Time 

Fig. 7-3(). Calibration of gravimeter on building (after Schleusener). 


be corrected for by checking with a base station or a number of them at 
regular inteiwals.'^ 

F. COKRECTIOWS ON ObSBKVBD GRiVITY VALtrES 


In relative gravity determinations with pendulums, the values at a field 
station (g„) arc calculated from the base station values (gp) as follows; 



m p {2na 

‘ '(2)2p 


- 1)“* 
- 1)2’ 


(7-35a) 


where 7, as b(il'oi'c, is the period and n the coincidence interval. By seri(;s 
expansion, ttu'.sf! eciuations take the more practical form; 


ga = g„ - 2g„ — . -t- 3fi(p 2 -h • 

ip Ip 


ga = (]p + 2g„ 


Ha — III, .y, (.11a — 


(7-3 5a) 


gp(iiip 3 ) 


nj,{2np — 1 ) np(2np — 1 ) 




" See, for iiista-nce, D. C. Rarton and \V. T. Wiiite. Am. Ocopliys., Union Trans 
18, “Geodesy,” 108-107 (1937). 




136 


GRAVITATIONAL METHODS 


[Chap. 7 


in which the second order terms are usually neglc^cted. Ilic' following 
corrections are then, applied: (1) freo-air correction (t he symbol for gravity 
thus corrected is g^); (2) Bouguer’s reduction (the symbol for gravity thus 
corrected is ^o); (3) terrain correction (the symbol for gravity supplied 
with all three corrections is Qq); (4) isostatic corrt^ction; (5) correcition for 
normal gravity (yo). The symbol for the fully corrccttal gravity anomaly 
is Ago. Corrections (1) and (2) are generally comhinc^d; redvudions (3) 
and (4) are combined only if pendulum obsenwations an^ made for the 
purpose of geodetic investigations. In gravimeder (exploration thci iso- 
static correction is gcmerally omitted, correctioii (5) is apf)lie(l in Hkj form of 
a latitude reduction, and provision is made for a base correv^tion previously 
discussed. 

1. The free-air reduclion. In a gravity survey all stations must be re- 
duced to sea level (or another refererme level). The changes of tlu^ gravity 
with elevation may 1)C obtained with suffieiemt ac(*urac*y by difforfuitiating 


the Clairaut equation (7 1 On) with rc'spc'ct to r, so that th(' v{‘rt ical gradient 
of gravity is 


rft/ 

dZ" 


dg 


= - !7 


R 




3 (C-A) 
MW 


(I — 3 .sin^ if) “t" 


kM 


(•(ns^V y 


(7 36a) 


where li (substituted for r) is tlui earth’s radius. From (‘(|. (7 30a), W(} 
have, with sufhcdent uccuraeyT 


(1 -(-o.ooori cos2<^) 

dz a ^ 

= -0.3086(1 4- 0.00071 (*o.s2sr) inilligais .in * j 
and gravity (in gals), ns r(‘<hic(‘d to s(‘a l(‘vel, is 

f/o = .(7 + ().()()03()H() n + 0.00071 ro.s 2 ^) 


(7 366) 


(7 36c) 


wIku’o II is iihsohiti^ (*l(‘vation. dabh* 20 gives s<iine v;i!ii<‘s f(»r the cb’va- 
iioii (‘or'i’f'ct ion in inilligais (ip -- l;Tj. 
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The sign of the correction is positive; the effect of the latitude term is 
very small. In gravimeter surveys requiring an accuracy of ±0. 1 milligal, 
elevations must be determined with an accuracy of one foot, and free-air 
and Bouguer corrections are usually combined (see eq. [7-37h]). 

2. Bcmgwr's reduction is concerned with the effect of the rocks hetveen 
station level and sea level not included in the free-air reduction. It lessens 
the amount of the free-air correction and is calculated from the attraction 
of an infinite horizontal plate between station and sea level since the topo- 
graphic correction (see paragraph 3) "fills up” all mass deficiencies to 
station level. The attraction of an infinite plate of thickness h and 
density S is Ag = 2r-k-&-k (see eq. [7-40]). Since g is approximately 
equal to {M = earth's mass; dm = mean density), 

k = 3g/4nR3m ■ Thus, 


2 5m' 


(7-37®) 


Therefore^ Bougaer’s leduction, combined with the free-air reduction, is 

Po = 5 + (0.0003086 - 0.0000421«) gals. (7-37i)) 

The last coefficient ia this equatioa is also used in the form 0.0128- h milli- 
gals per foot. 

It follows from eq. (7-37f>) that in Bouguer^s reduction the attraction 
of a plate of 10 m thickness and 2.4 density corresponds to a gravity 
anomaly of about 1 milligal. Therefore, ia the combined free-air and 
Bouguer’s reductions, a difference in elevation of 1 m (for a density of 
2.5) corresponds to a gravity anomaly of about 0.20 milligal. With the 
density variations encountered ia practice, the correction varies between 
0.06 to 0.08 milligal per foot. Surface densities are usually determined 
by trial and error as discussed on page 71. 

3. Terrain correction is of appreciable value only in very hilly country. 
It may he computed from elevations obtained by leveling around the sta- 
tion and from contour maps. The surrounding terrain is divided into 
sectors bounded by radial lines from and concentric circles about the 
station. The effect of a sector with the notation employed in Tig. 7-37 is 

AQs = k ’5- (fiCvi -[- rf T li T 2 ). (7— 38c[) 

The derivation of this relation is given in the next section on interpreta- 
tion of gravity anomalies. By selecting zones of suitable radii and divid- 
ing them into a predetermined number of compartments, eq. (7-38a) 
may be solved for h. Thus, the attraction of each compartment may be 
determined for unit elevation. A chart and tables f 0 r twelve zones ranging 
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in radius from 2 m to 22 km, eacli containing from four to 8ixte(‘n oompart'- 
ments, have been published by Hammer.^^ 

Another procedure uses so-called graticules, or correetion diagrams, in 
which the attraction of each element is the same, njgardlcBH of distance or 
azimuth. They may be prepared for use in plan view (with contour lines) 

or in vertical aciction (with 
terrain profiles). A graticule 
for use with contour lines is 
calculated in the following 
manner As indicated in Tig. 
7-37, the surrounding topog- 
raphy is assumed to be 
composed of masses which 
liave thc‘. shaiK*, of cylindrical 
segments. Henc<‘, the mass 
of such ail element is dm = 
b^rdf-dr-dh. Since the po- 
tential of a mass clement at the origin is U = k>dm/r)ih* potmitial due 
to the entire topography surrounding th(^ station is given by 

rf7‘ (7 38 » 

Jo Jo Jo 

llxe integration is lier(3 extended for distances from 0 to infinit.y. In 
practice the calculation is carried only to t!i<i iioint \vher(‘ tlu* tiuTiiin eff(^ct 
is less than the probable error. Tlie integrat ion may he carried out by 
introducing a terrain angle yj/ = tan' ^ h/r. Then th(3 v(‘rtical e.ompoiient 
of the attraction follow's from a (lifTcu’cmtiation of (up (7 386): 


1 



Ficj. 7-37. IVirrain sc^ctors. 


Ag - 


(I — cos yj/) fir -lit;'. \7 38c) 


The mass elenKSits an* lunv so dinifuisioned that within each of tluun 
tlu^ tenraiu angle may be assumed to be constant. If (‘aeli mass e 
is l)(nni(led by th(‘ eonrauitrie: radii /•,„ and r^-ji and i>Y tli** aJigl{‘S 
and ^n + 1 * 


which is 


Ag - -M(l - 



1 1 


38(i) 


B. Ihiinnicr, Geophysics, 4(3), 184 104 (July, 
1C. Jun^^, Zeit. Geophys., 3(6), 201 -212 (1027). 
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The diagram must obviously be drawn at the reduced scale of 1 : p, -which 
means that the scale must be considered in the calculation. The elements 
are so calculated that their effect remains the same regardless of distance 
and direction. In this case it is convenient to make rm — = d/ir 

and ~ ‘Pn+i = ir/dO, so that the resultant constant for each mass element 
becomes 0.1. If the numerical value is substituted for the gravitational 
constant, the effect of each mass element as sho-(vn in Fig. 7-38 is 

= — 6.67- 10’"“-5-p-(l — cos microgals. (7-38e) 

It is seen that the spacing of the concentric circles and of the angles is the 
same and that the effect is independent of azimuth. In application to 



Kifi. 7-.‘i8. Diagram (horizontal quadrant) for calculating terrain effect on 
gravity (afttT .Jinig). If p (terrain angle) = tan“‘ ft./?', the effect of each field is 
— — co.s microgals, where l:p is the scale to which the diagram is 

drawn, aiidSi.s clenaity. 

terrain calculation, tins diagram of Fig. 7-38 is first completed for tlie three 
remaining (iuadrant.s. The surrounding terrain is surveyed by rod and 
alidade. When the above diagram is used, the elevations are most con- 
veniently taken in the form of terrain angles. Lines of ociual terrain 
angle are then drawn on transparent paper and superimposed on the 
diagram, and the number of elements is counted between two adjacent 
contoiu' lino.s. The function 1 — cos V' is taken from the diagram in Tig. 
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1 or 2 milligals; for less accurate work and large aaomalies, 6 or 10 milli- 
gals. The results majr also be represented as profile curves, preferabV 
in conjunction with a geologic section {^.g curve). 

G. Theoey of Subsurface Effects; Methods op iNTEEPRETATr on 

1. General procedure, in interpretation. The interpretation of gravity 
anomalies has as its objective the determuiation of density, shape, and 
depth of subsurface bodies. Theoretically this is an impossible task, as 
the number of unknowns is greater than the number of equations. In 
other words, an infinitely great number of mass arrangements may produce 
the same anomaly in the gravitational field. In practice, however, con- 
ditions are much more favorable. Some of the unknown quantities may 
be determined (1) by the application of another geophysical method, pref- 
erably one with depth control (seismic or electric) ; (2) by a consideration 
of the geological possib ilities in the area. Even after some of the unknowns 
are thus determined, it still remains difficult to compute directly from the 
results the shape or depth of subsurface bodies. The “direct” method is 
applicable only (1) when geometrically regular forms are involved; (2) 
when the gravity anomaly is of regular shape; and (3) when only one 
disturbing body exists. The same considerations apply here as in the 
interpretation of torsion balance anomalies 

Usually a tentative or qualitative interpretation is first made by con- 
sulting theoretical curves for a number of common geologic features, such 
as vertical steps, anticlines, cylinders, and the like. For routine inter- 
pretation it is of advantage to have an extensive file of such curves on 
liand not only for various subsurface bodies but for as many variables 
in each case as possible. Formulas and tables are given .on pages 148-150 
and 1.52 153, respectively, for such calculations and estimates. By con- 
sulting curves based on these and by considering the geologic possibilities, 
a fairly good picture of the .subsurface conditions may generally be 
obtained. 

This (|vialitative procedure may be supplemented by quantitative iii- 
t('rpretation which liktuvise is an indirect and a trial-and-error method. 
Definite shapr.’s, dciisitias, and depths of .sub.surfacc bodie.s are assumed 
and their effects are calculated. The results are compared with the data 
obtained in tlu^ field, and the theoretical a.ssumptions arc changed until 
a sati.sfactory agreement i.s obtained. Naturally, the complexity of these 
coinputatioii.s inerea.ses with the number of geologic bodies which must be 
considered in the interpretation of any given anomaly. 

For the calculation of subsurface effects, three methods are available; 

For further details, see page 2.50 £f. 
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(1) analytical methods, (2) graphical methods, and (3) integraphs. The 
first method is equivalent to a calculation, by the formulas given on pages 
146"'] 53, of the attraction of a body of given dimensions and depth. In 
tlie second method use is made of diagrams (graticuk^s) deseril>ed before 
in eoiinection with the calculation of terrain anoraalitNs. The geo- 
logic section is superirnposcid on these diagrams, and th(; anomaly is calcu- 
lated by counting the number of elements included within the outline of the 
hody. In the third method the area of the section of a geologic body and 
its effect is obtained mechanically by tracing the outline with integraphs 
of special design. In all of these methods considerable simplification in 
the calculation is possible by assuming that the geologic bodies are two 
dimensional instead of three dimensional, that is, that they have virtually 
an infinite extent in the strike direction. Regardless of whether analytical, 
graphical or mechanical-integration m<ithods are applied, the fundamental 
mathematics are the same in each method and differ only in such details 
of solution as lend themselves best to the application of c*ach method. 
These relations will be discussed first before the analytical, graphical, and 
mechanical-integration methods are described in detail. 

Fundamentally, tlie calculation of the gravitational efT(!-ct of subsurface 
masses rests on Newton's law. Sin(*(‘ the forcci of attraction, l*\ between 
two massf‘s, m and 7n', is F = kmm* the gravity anomaly or v(‘rtical 
component of the force may be obtained by hhting ni = 1 and Z s 
Ag = F cos 7 . Since cost = z/v^ the (‘ffec't of a point mas.s on gravity is 


A|7 = kin • ; 


(7 311a) 


For the calculation of tluMinoinalies of all otlu‘r typers of mas.s(\s it is more' 
convcniient to follow adiff<‘n‘nf approacdi. It is l)as(*d (»n tiu* gravity 

potential of a mass (jhmHait which is given by tin; expression I ' ="* h-dm/r. 
Since dm = S-dv, when^ 5 is density and dv is ehuinnit of the 


potential h U = k5 j j' j (1/r) (Ivor 


V 



dx dij ilz 


in r(*ctilinc‘ar (‘oordimite.s and 



rdr co.s dp d(x 


(7 Mj) 


in ])()lar splun’ical coordinates with tp as latitude, a!id a: as longitudf*, as- 
suming the thni.si ty to be constant throughout the volume. 
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Therefore, the aaomal/ in gravity is 




• dv 


V 

= kb j J J ^dxdy dz 

V 

in rectilinear coordinates, with r = and 

Ag = M J f J' ~ dr cos <p dip da 


(7-39c) 


in polar coordinates as above. 

The gravity attraction of three-dimensional bodies derives from the 
''Newtonian'^ potential. This is not true for two-dimensional bodies, i.e. 
bodies which are much longer in one direction than in the other two. This 
direction of greatest extension is usually the strike; therefore, the attrac- 
tion of such bodies is proportional to their section in a plane perpendicular 
to the strike. The attraction between masses in a plane derives fiam the 
‘^logarithmic’’ instead of the Newtonian potential. This follows also from 
eq. (7-396) by carrying out the integration in the strike ( 2 /) -direction be- 
tween the limits of + and — infinity- Therefore, while the Newtonian 
potential of a point mass is pfoportional l/r, the logarithmic potential 
of a line mass is proportional 2 logo l/r. The attraction in Newton’s law 
is proportional 1/r^, but the attraction of two-dimensional bodies is pro- 
portional 1/r:®^ 


F = 


kmrn' 

r 


(T~39d) 


In the potential and gravity expressions a surface integral takes the place 
of the volume integral: 


U = 2k5 



dS 


or 



in rectilinear, and 


(7-39e) 


U = 2/c5 ij'°^ dr dip j 

This is also true for electrical and magnetic attractions Avhich follow Coalomb's 
law. The attraction of a magnetic “line^’ is proportional l/r while the attraction 
of a magnetic pole is proportional l/r^. 
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in polar coordinat es. Therefore, the anomaly in gravity is 


^ m fj ‘^ds 


dz 


or 


in reotil inear and 


2k^ J J dx dz 


LI. 

2kS J y* sin tpirdtp 


(7-39/) 


In polar ooordinates. 

Calculations of torsion balance anomalies ar<i likewis(* l)iiS€»(l upon these 
equations by forming sceond partial derivat ives with resiMjct to the 
horizontal clirc^dions (in the ease of the eurvature* values) and with respect 
to horizontal and vertical directions (in the cukc‘ of th(‘ gradients) (see 
page 254). 

P 2. ‘ * .4 mlytiml ’ ’ method h i n vol vt * calcula- 

tions of th(‘ anomalh^s produced by sub- 
surface l>(>dic.s and a substitution of their 
assumed dinuaisions ainl <l(‘pths in the 
formulas d(Tivc<l below, l^'or ihree-di- 
me/iswn(ih])<}(\io^, \hv gravity uiionialies 
may fn^piently hv (\stiniat(*d with suffi- 
cient ac*ciira(‘y by assuming th(*m to Ik* 
s])licric.ul, although it is, of courst*, iui(h‘r- 
stood that g(‘ol(>gic bodies s(*lciom have 
suidi siinph* g(‘oiu(‘trie sha]>es. d'iie effect 
of a s|)h<‘re follows dii-oct !>’ from etj. (7 
fims: 



^(J 


kM: 


3 


wSkz 


(7 40a) 


with M !is tln‘ iiuiss and It tin- radius of 
t 1 h' s|)li(‘re. 

A minibor of useful n-lnt ion,- may lx* 
()l)taiii(‘(l 1 )y ea hadiiting thi‘ gravity anom- 
aly, due to a \'(Ttical <‘vlindi-i‘. for a point 
Let the evliiid(*r have the length / and tin* 
radius paud let (/he* thf* distan<'(i IkM ween its upper surface aud the point 
P, Chjnsidm’ a mass (‘hunent in a thin disk of the thickn(‘ss A/ at a dis- 


in its axis {soo Kig. 7 4 ]), 


It. IIiUiikmM, T/ivorircri (icr horhrrt u (Jrndtu nil, VoL 2. p. I U < IHK4), 
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tance R from the axis and a distance e from the point P at the surface so 
<-hat 

dm = 8-dl- R d(x-dR. 


According to eq. (7-396) , its potential at P is 

U = [jj 

which gives, for a circulai disk of thickness AJ aad radius p, 
U = 27rfcMZ(Vd2T7 - 
Hencej the gravity anomaly 


Aff = -^ = 2 tA5AZ (l (7-406) 

\ -v/d' + pV 


^■nkSAlil — cos d). 


With notation of Pig. 7-41 ; 

Ag = 2TkSAl ^1 - = 

By additional integration, the potential of the entire cylinder is 

r-i+i f^dadlRdE 


(7-40c) 


U = U I \ / 

JO dd JQ 


and, therefore, its attraction, from eq. (7-40!>), is 

Ag = 2M r' dl (l - 

Jd \ y/d^ + py 

which gives 

Lq = 27r^5[f + \/(P^+~p^ — a/p^ + {l^ d)^] 

and with notation as in Fig. 7-41 

= 2rkd[l — {ri — ru)]. (7--40d) 

Equations (7-40c) and (7-40^) permit a number of interesting deductions 
for extreme cases. 

If the radius of a thin disk becomes very large, cos 6 is zero. Therefore 
the gravity anomaly due to an infinite bed of thickness AZ, is 

Lg = 2Tk8M (7-40e) 

This formula is identical with that giving the attraction of the rock 
material between station and sea level in Bouguer’s reduction (see page 
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137). It is signij&eant that in formula (7”4U(?) 7io ejfcxioj depth is (Joiitaiiied. 
The gravity method has^ tli<‘refore, no rcvsolving povvcn*; for v(?ry extended 
formations their attraction is proportional to thickness ])ut not to depth. 

It should be noted at this point that in all equations eoncerned with 
gravity anomalic^s of heavy bodies, the difference between the density of 
a body, 5', and tl\at of the surrounding fonnation, 4, must l)e siibstituted 
in plae(^ of the absolute density, so that 

6 = y - 5o. (7-40/) 

A f(^w other extremes of formula (7-40^) are of interest. If a station is 
located on the upper surface of a eylindriml mass, the anornaloiiB gravity 
is, 

Aflf = 2Tkd[l — (ri — p)l 

If the cylinder is very long compared with its radius, the gravity anomaly 
is 

Ag = 27 rk 8 fi. 


This indicates that for a very long cylinder the gravity <iffect depends 
only on its radius. In Special Publication No. 9t) of tins U. S. Coast and 
Geodetic Survey, tabulations are given for the effects of cylindens of vary- 
ing lengths (or depths to bottom), and varying radii, p, for a station 
located at the center of the upper surface. 

These tables may also be used (1) if the station is not hx.uted on the 
upper surface, but at a distance, d, above it; (2) if the Htatiori is located 
off the cylinder, but in the level of the upper Hurfaec;; (3) if the station is 
both off the center and above t he upper surface of the cylin<l(‘r. In the 
first cas(‘ the attraction of a se(u>nd cylinder with h d is subtract ('d from 
that of a eyliiKhu' of the length k. In thci .s(*f*ond cas(% if IIk* distance 
between station and axis of cylinder is if, an()inali(\s of two cylinders 
arc subtract'd from (uich other. Thus, the effect of a hollow eylinder is 
obtained, \vhos(! thickinsss is ec|ual to the dianu'tfu' 2p of fin; (*ylinder 
wanted. Its c‘ff(‘ct is iluMi multiplied by thf‘ ratio of tho surfaeos, (sought 
<!ylinder)/(surfa(‘(' ring), so that in al)l)reviat(‘d notation 


[0 






(K-P)J 


+ p)'' 




(7 Wg} 


where; V(K.\p) is tht; attrsiclion of tlie <;yliii(l(ir witJi the niilius R + p, and 
C(s_p) is fhe atlraciion of the cyliriiler with llin radius R ~ p. If tlic 
station is off center and above the cylinder, the promiiiias follcjwed in the 
first and second eases are combined. 

From cq. (7-40d) and by integrating between 0 and <p instead of l>etween 
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0 aad 2r, we obtain, for a cylindrical 
sector (Fig. 7-42c() with the central 
angle <f, 

A.g — <pk8[l — (n — r^)]; (7 -41 a) 

and, if the station is on the sector, 

Ag = (pkb[l — [ti — p)]. (7-41/)) 

For a cylindrical compartment the 
gravity anomaly with notation as 
used in Fig. (7-42h) is 

Ag = <fkb{rz -|- r2 - n - u), 

which follows from (7-41®) by subtraction of an iniier from an outer 
sector. 

Eq. (7-41c) has a wide application, since irregular three-dimensional 
masses may be divided up into such compartments. It may, therefore, 
be used for terrain corrections. Substituting for 

n : VpY^d^ n : V^f-f (d 

' 's/ pi -k- <f • V/>2 + (fZ + 

and letting d — 0 aad I = fe, since the station is usually' located level "w^ith 
the lower surface of the segment, 

Ag = <fiU(pi -I- Vpl -f ft* - Vpi 4- ii® ~ f>d, 

which is identical with (7-38a). 

Formula {7~41o) may also be used for computing the effect of irregular 
subterranean masses. In practice, however, formula (7-40(i) is preferred 
in the form 

Ag = 2TrA5 ( Vp= + - Vp' -f (/ -f dy 4- 0, 

which may be written 

A, - iM, (y'l + (^)’ _ y/i + + -0" 4 0 . o^u) 

In this equation dip and Z/p are considered as variables®'^ (see Fig. 
7-43). To find the anomaly of a sector, the effect of a cylinder of given 
Ijp and djp ratio is obtained from the graph and multiplied by the outer 
radius, pi. From it the effect of another cylinder is subtracted (likewise 

®^See F. E. Wriglit and F. A. Veiling Meinesz, Bull. Maval Obs,, XIII, app- 1 
(1930). 



Fig. 7-42. Cylindrioal sectors and 
segments. 
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obtained from the diagram and multiplied by pi). This difference is 
finally multiplied by A5^/27r, to obtain the attraction of a compartment. 

Calculation of the gravity anomalies of subsurface gciologic features 
which are extended in the direction of strike {two-diimmional features) 
is based ou the equations for tlic logarithmic potential, (7 39e) and 
(7“'39/). For example, application of these formulas to the case of a 



MJero^aJs 

Pkj. 7 - 4 ;?. Attraction of rylindorH of v^'lriou.s longf li/ra<liuH jiikI h TiuiiuK ratios 

(aft(‘r )• 


liorizoiiial (*ylind(‘r (Fig. 7 1 hi) giv(‘.s (liroctly Af/ 
S sin if/r] hence, 


Af7 = 27rkdz 



2r}cdfl“ sin V' 
r 


S^z/r = 
(7 42a) 


llcetangular prisms (b'ig. 7 4 I/;) r<'pr(‘S(‘iit in approxiniatiori siudi giMiIogic 
bodies as v(Mlieal dikes, ore vedas, or horizontally stratified formations. 
Tb(‘ir attraction may In* ealeulatecl by iiit(*f»:rat ion of fsp (7 If d 

is the depth to its upper surhua?, D the depth to th(‘ lower surf.'K'e, .r the 
distance of the station from tin* f.ar fac(*, r' tiie distance fn>in tin* near 
face, and b the l)r(,‘adth: 
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With X — x' = bj and 

+■ — rl X d tan (pi 

+ x^ — rl X = D tan <p 2 

(f + (x - hf — rl X - h = d tan 

(x ^ hf" = r\ X — b — D tan ipi , 

the anomaly in gravity is 

Ag = 2/c5 j^a; loga + b log^ ~ + D((pi — (pa) — 

If a vertical dike has a considerable extent in depth, ri = ta and 
D((p 2 — <p 4 ) = b. The anomaly in gravity then becomes 

Ag = 2fc5 X logo — + ( logc — + 1 ) — • d(ipi — <^ 3 ) - (7-42c) 

L V ^3 / J 

It is seen that (contrary to the corresponding torsion balaiK^e anomalies) 
the attraction of a vertical dike cannot possibly l)e calculated without 
making some assumption about the depth to its lovv(‘r cind. Formula 
(7-42b) may be used to calculate the effect of a fault or t niricd escarpment 
(Fig. 7*"44:c). Then 73 = Xi ] D<p 4 = and 

Ag = 2k5 log, . (7-42d) 

At a station far removed from the t^dge, ^ 1 and <P 2 ^ pi ^ ir so that 
Ag = 27rk5{D — d), Thi.s is identical with thf‘ formula for an infinite 
disk or with Bouguerhs formula, 'fhe Bougucr (^fTect is tw'ice as great as 
the gravity anomaly directly ov{*r tlie edge of tlu^ c‘scarpinfuit. If r = 0, 
t.hen ^2 ~ “ 7r/2 or 

Ag = TrkHD — r/j. (7 42e) 


Jf the section of a liorizontal two-dimensional prism is trinrigular (Fig. 
7 44r/), the gravity anomaly i.s 




- X log, -f /J(v£>2 - 



(7 43a) 
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Adding to this the effect of a vertical step (7-42d), the following gravity- 
anomaly fora slope (Fig. 7-44e) is obtained: 

l^g = 21c5-|— [x sin f + (? cos i] 

+ D<p2 — dipiV. (7-436) 


sin i loge - + cos f (ps 


w) 


Above a very extended slope, rj/n 1, = r, 0 and 

cos i 1 so that 


Ag = 2kS [— fc(x sin H- d) + 2)^] (7-43c) 

By a subtraction of two slopes with identical dip, the effect of an inclined 
bed, ore vein, or the like (Fig. 7-44/), can be calculated: 


2k5 


= — [x sin i ■+ d cos i] 


sin i loge — ^ -f- cos i(<p 2 — <pi <pt — ^ 4 ) 
rir4 


4 - 6 sin i sin i log* - + cos i(v 4 — n) 
- 


+ D(<pi — (fit) — d(<fii — ipz) . 

(7-43d) 


If the inclined formation has great depth, the same approximations as 
before may be introduced, namely, n = r 4 and D{<fiz — <fii) = b, so that 

^ = — [r sin i + d cos i] sin i log* - 4 - cos f (yj — pi ^ — <p^ 

L 

+ b sin i j^sin i loge ^ + cos i{<p^ — (^ 3 ) j + b — d{<pi — (ps). 

(7-436) 


For symmetrical anticlines and S 3 niclmes (Fig. 7-44^ and K) the anoma- 
lies are calculated by adding the attractions of two triangular prisms or 
slopes respectively, 

3. In graphical interpretation methods, graticule diagrams are super- 
imposed Dll structural maps or profiles. Gravity anomalies are obtained 
by counting the mass elements included within adjacent contours (tliree- 
dimcnsioiial diagrams), or (in profiles) within the outlines of the forma- 
tions involv( 3 d (twe-’dimeiisional diagrams). Construction of the former 
is based 011 the same analysis that is used in the preparation of terrain 
correction charts (seepage 138) or the calculation of the effects of cylindrical 
compartments (see page 149). In application the scale of the geologic 
sections must be considered. The calculation of two-dimensional dia- 
grams is based on formula (7-39/) with polar coordinates. A vertical 
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subsurface quadrant is divided into compartments bounded by concentric 
circles with radii and by angles (p ^ . Then the effect of one compartment 
is 


- r„) (cos ip^+i - cos ^a). (7-44a) 

A diagram constructed in tliis manner is shown in Fig. 7 -415, The 
effect of each field is 6.67-10“'h§.p microgals, wdiere p is the scale of the 



Fig. 7~45, Dingrarn for tlu* oalciilatioii of jj tt raiMioriH iiu<* to t »nal 

(lifter Jung). I'nit : (1.07- 10 milligal; h<‘.'i1o: 1;//. 

geologic sei’tioii with which tlii^ diagram is us<‘(l. hor sufjsurfaro masses 
the anomaly is always positive, the diagniin l)(‘ing iavert<*cl iiortii of the 
station. For inassos abovi^ the horizon the anoniaiy is negative. Ma.sses 
in the horizon are ineff(‘et iv'e ; inass{‘s vinlically below tb(‘ station most 
effective. 

4. lnte(jrap}uH. Since thii gravity anomalies of two-dimensional masses 
depend on their area (cHp [7 •¥,)/]), ' planiniet(*r” methods may lx* used to 
calculates the attraction of gcmlogic feature's of irre'gular outline. H oweveu, 
the eff(K*t of area is also d(.;p(‘ndent on distance and vertical angha The 
geologic sedition must be redrawn on distorted coordinates \vlic*n iis(‘d with 
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an ordinary planimeter (Below’s method®'). According to eq. (7-38c), the 
anomaly produced by an element rdrd<f>, whose eleTation appears at the 

angle f, is given by Ag = -y(l - cos dr-d^. If a new 

R, is substituted for ■\/2r, the anomaly becomes 


- cos^) j J RdRdip, 


(7-446) 


where E dR d<p is an 
areal element whose 
attraction mow is in- 
dependent of distance 
and requires repre- 
sentation in a scale so 
distorted that R = 
1.4 Vr (Fig. 7-46). 
If the surface elev'a- 
tions are represented 
bylines of equal angle, 
terrain effects be- 
tween adjacent con- 
tour lines may be 
determined by plani- 
metcring. The same 
method is adaptable 
to calculation of irreg- 
ular subsurface masses 
repr(‘sentc?d by con- 
tours. For two-di- 
mensional feature's it 
is n('('(\ssary to distort. 
l)oth tlu; radius and 
the angle scale. In 
formula (7 -lYJf) the 

integral J j' Hincpdifi dr 

may be transformed 

K. Jung, op. cit., 
6(2), 114-122 (1930). 




Fio. 7-46. Radial scale distortion for planimetric 
determinations of attractions due to three-dimensional 
masses (after Jung). 
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into a surface integral independent of distance and azimuth hy the 
substitution jR \/2rand<l>= cosy?. Then J j 8m<pd<pdr^ i j RdRd^.' 
The resulting scale distortion may be seen in Tig. 7-47. 




Fig. 7-47. Radial and vertical angle scale distortion for planimctrin determinations 
of anomalies of two-dimensional niasses (after JiinR). 


Scale distortion may be avoided by the us(i of a spcjoin! integraph. If 
the double integral in cq. (7- 39/) is reducc^d to a singh' integral, the at- 
traction of a two-dimensional body may bc^ writtam 

= 2k5 J r sin ip dip. (7 44cj 

The function of the integraph shown in Fig. 7 48 is to <‘arry out the 
rnultiplication dp X r mi p. Ft consists of a finder, iiKjving radially 
(distance r) on the arm, A, which in turn is rigiflly coupled to the <lisk, 
D. The latter thus rotates by ainounts dp vvlaui a s{*ctioii is traccal. llic 
finder, T, engages the bridge, R, which carries tlie roller, H. This I'oller 
is rotated by the disk, D, and transfers its reading to tin* scab*, A'. Be- 
cause of the coupling of A and B, the distance of the roller from the 
cent(‘r (station) is tlius always r sin p and is rotated by the amount of this 
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distance as lever arm, multiplied by the angular disk displacements dp. 

Since the horizontal gravity component is given by If COS cpdcpdr^ its 

value for a given section may be obtained with the same integraph by 
simply interchanging the z and x axes. 



American AaJeania Corp. 



H. Results of Pendulum and Gravimeter Surveys 

The following short description of results of gravity surveys is not in- 
tended to convey the idea that a limited amount of such work has been 
done. Owing to the fact that in the earlier days of geophysical prospect- 
ing the pendulum method was less widely used than the torsion balance 
and because of the comparatively short length of time that gravimeters 
have been employed, not much data on results have found their way into 
the literature. Much information, on gravity variations over known 
geologic structures has been accumulated in the course of calculations of 
relative gravity from torsion balance gradient observations. These in- 
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direct determinations of grayity, however, by the torsion balance are ex- 
cluded from tliis section and discussed on pages 270 21)2 of this chapter. 

Reference is made in this connection to Fig. 7-104, showing tlie gravity 
anomalies on salt anticlines in the Maros Valley in Hungary ; to Fig. 7-108, 
in which the gravity results in the Solikamsk area (northern Urals) are 
given; to Fig. 7“109, illustrating the gravity anc)rnali(\s in a portion of the 
Emba district in Russia; to Fig. 7-115, repres(‘nting oiu^ of tlie earliest 
gravity surveys in oil exploration (Egbell anticline); and to Fig. ID 67, in 
which a gravity profile across the Grozny anticline is illustrahHl. 



Most graviii[i(‘i(‘r and iH*n<IuIuin work h;is probably 1 h‘(‘ii tloiii* in salt- 
doinr^ (‘Xplorat ion. hifi;. 7 ID n*j)ri‘sciil.s an cxainplc of a coinp.arat iv(dy 
shallow doiiH*, I lie gra vity anomaly Ix^ing about I.G to 1. 1 milligals. Thr* 
(loim^ shown in Fig. 7 500. wa.s nuiolnai jii the indicatini well iovat ion at a 
d(‘pth of 7200 f(‘(‘t, t in* anomaly along th<‘ «app;ua*iit axis ()f tli(‘ salt aiiti- 
(diiK* l)(‘ing about 2 luilligals, ri.sing to th(‘ (*ast and \v(‘st to soverni milligals. 
One of the (‘aiTu^st p(*iiduluni surv(‘y.s across a .-^alt doinc t \Vii*tz<*, northern 
Cl(‘rmany) is illustrated in Fig. 7 105. Scl.^^rnic and torsion lialanei^ data 
for tlui same d{)in(‘ ar(' also slujwii. The j>o.ssibilit ics of the gra\'imet er on 
nonsalt dome' typ{‘ of structun‘s ar<‘ (hanoiistrated by the surrey of the 
Rains(!y field in Oklahoma/^ shown in Fig. 7 505, which indirates an un- 

J. F. IwaiiH, Oil and CJas J., 38(26), 37 (N'ov. 0, 193U). Contour interval: 
0.2 milligal. 




Fig. 7-50rz. Gravimeter results on Schneeheide salt dome (Oermany). Salt in well 

at depth of 7200 feet. 
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Fig. 7-506. Gravimeter survey of Ramsejr field, Oklahoma (after Evans). 
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usually good parallelism of production, and gravity anomaly, after correct- 
ing the observed values for regional variation. 

Fig. 7-51a shows a gravity (pendulum) survey of one of the most im- 
portant oil regions of the world— the Apsheron Peninsula and adjacent 
portions of Azerbeijan near the Caspian Sea. The oil fields near Baku 
(Bibi Eibat, Balachany, and Surachany) are .situated in a gravity trough 
extending along the peninsula with an anomaly from 100 to 130 milligals. 



'’k;. 7“ijl ff. FtMidulum chstirvalioiiH of rchtiivc j^ruvity i n Kast Azcrhaijnn (Houthcast 
('.‘lUcaHUH) (jiftorSo 

]>^tails of th(‘ anticlinf^s on which thcH(^ fi(*kLs an* situated arc not. 

Tint of thii .strata from X \V to SK is infii<-iitcd hy tin* stcf'p 

g;ni(li(int portion in tlic SW part of this anui. 

'riui gravity imp of tlin Wichita and Arhucklc Mouiitain area shown 
in Fig. 7-51/; is discussed at this time, although the greatm’ portion of 
the gravity data was derived from torsion-balance ohsiirvatiinis. The 
gravity anomalies are caused largely by the crystalline basement rocks, 
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to ^\rHch is probably added the influeace of the old Ordovician land surface. 
The main features of the map are a series of maxima corresponding to the 
Arbuckle Mountains, the continuation of the Wichita Mountains (Walters 
Arch) and the Munster Arch. A pronounced minimum is found between 
the Arbuckle Mountains on one side and the Wichita Mountains and their 
south-eastward continuation on the other, lending strong support to the 
theory first advanced on the basis of geologic evidence that the Arbuckle 



Fig. 7-51h. Gravimetric map of Wichita and Arbuckle mountains and of structural 
trends along the Oklahoma-Texas border (after Van Weelden). 


and Wichita Mountains are separate systems separated by the Anadarko 
and Ardmore basins.®® A comparison of the gravity data with the results 
of magnetic surveys made in the same area is of interest (see page 431). 

Where overburden is shallow and veins comparatively wide, gravimeter 
observations will give good results in ore prospecting. Accuracy require- 
ments are high and corrections for adjacent formations often necessary. 


A. Van Weelden, World Petrol. Congr. Proc., Sec. B. I., 174-176 (1934). 
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ScakUn/H 



(b) 


Fig. 7-52. CiraviiiuitiT olificrvatioiiH (g) oii 
Mcnstriisk Lake, and (^) at Lako L^iriiziKi'le, 
Skolleftc district, Sweden faftcir Idinlhlac lainl 
Mai niquiflt). 


It is not believed that this 
method will give so distinct re- 
sults as ehictrioal prospecting, 
although it would be useful to 
segregate elcjotrical anomalies 
due to nonconunerdal mineral 
disseminatioiiH from commercial 
ore indications. Fig. 7-52 shows 
the results of gravity measure- 
ments made on the ice at Men- 
stnisk in Sweden. The ore 
b(>di(\s Ixdow tlui lake, dis- 
cov(T(id by elc<*tri(‘al prospect- 
ing, consist of thre(‘ parallel len- 
ticular sulfidci veins of steep 
north dip; tlie thiekness of the 
southern vein is about 30 feet, 
that of tin* otinu’s from 10 to 
13 fe<‘t. L{‘})titc formation oc- 
curs in th(‘ south, tdack schists 
in the north. Owing to their 
difT(‘reiK*(‘ in (hui.sity (0.2), a 
correetiou was a])plic‘d. The in- 
dieatioii.s arc .sliiftial to t he north 
with r(\sp<*ct to the suhoutcrop 
of th(‘ vciii.s. I'his shift may 
})!irtiall>’ iv.sult from the (ii|>and 
partiallv’ from the (‘Ifect of the 
contact. The .shift abo\'(‘ the 


southern ore body may lx* (‘xplaiiuxl by t}H‘ (X'curnuH'f* of an aihiitioiial 


body to the north. 


VI. TIME VARIATIOXS OF TllK ( IRAVriATlC )XAL FIELD 

Variations of gravity with time may lx- divided into periodic and non- 
periodic plxinonu'ua. The former an^ ndated to tin* position of sun and 
moon, the latter ar(^ (*aus<‘(l by natural changes of giMilogic origin or by 
artificial ma.ss transports. While, magnetic variations are of the onlcr of 
10 to ICr'^ of the nornial terrestrial magnetic field, gravity variations 
rcprivscaii only a 10 to lOO millionth pari of nonnal gravity. As a rule 
they do not int(Tf(*r(! with gravimet cr <‘xploration but may he recorded by 
stationary instrunxnits. ( )l)Hcrvatioiis of gravity variations are of scien- 
tific valuer in the analysis of geologic forces bringing aliout slow changes in 
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elevation (epirogenic movements). Tkey are of practical importatice ia 
determining corrections for (torsion balance) coast stations, in ground 
subsidence problems, and in the investigation of subsurface mass dis- 
placements leading to earthquakes and volcanic eruptions. The following 
discussion deals not only with variations of gravity itself but also with re- 
lated variations of torsion balance quantities and the deflection of the 
vertical. 


A. Planetaey (Lui^ak) Yariations 

Planetary variations of the gravitational field and the well-known 
'^oceanic’' and “bodily^' tides are related phenomena. Tidal forces are 
due to the fact that the attractions of sun and moon at the earth^s surface 
deviate in direction and intensity from those attractions efiective at the 
earth^s center. They would be present even if the earth did not rotate, 
would be approximately 
constant for any given 
surface point, and would 
have but semimonthly 
or semiannual periods. 

The earth’s rotation pro- 
duces a migration of a 
double tidal bulge with 
a period of one-half lunar 
day, the maximum am- Fia. 7-53. Tidal forces, 

plitudes occurring'^if^the 

tide-generating body is in the zenith or nadir. Superposition of the 
semidiurnal, semimonthly, or semiannual periods brings about ex- 
cessive or abnormally reduced tidal amplitudes, the more important of 
these being known as “spring” and ^ neap” tide. 

The variations in intensity and direction of gravity which can be calcu- 
lated from tlie distance and mass of the sun and the moon are modified by 
the chang(‘ of distance of a surface point from the earth’s center, brought 
about by the bodily tide. The observed variations in the direction of the 
vertical (recorded with horizontal pendulums) are about f to | the theoreti- 
cal valuers; the observed variations in gravity are about 1.2 times greater 
than the theoretical variations. 

In Fig. 7- 53, let AT be a heavenly body (sun or moon) at a distance r 
from the (^artli’s center, C, and at a distance e from a point P at the earth’s 
surface in the latitude p. The angle between r and e is the parallax of 
the star, or x- If the star is in the zenith, the attraction on P is — (kM/e^) 
(negative in respect to gravity), and at C it is — (fcM/ r^) . To deduct the 
latter from the former, it is convenient to resolve either force into its ver- 
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tical and horizontal components. For P the vertical component is then 
proportional to cos ((p + x) for C, proportional to cos <p. The hori- 
zontal component is proportional sin {<p + x) foi* P proportional sin 
9 for C. The resultant deflection of the vertical, is equal to the dif- 
ference of the horizontal components divided by gravity, so that 






cos i<p + x) cos 
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E 

cos <fi 
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(7-45a) 


As the earth’s radius, R, is C.37-10’ km and r f(jr t he moon - 3.3 'lO' 
km and for the sun = 1.5-10" km, it follows tiiat Rfr is 1.7 • 10 ^ for the 
moon and 4.3- 10~" for the sun (and may, tlKuu'fore, l>e ni'gh^eted). Then 


^9z = 


ZkMR 
2d ' 


( 


cos 29 +• i ) inilligal 


Mh 


ZkMR 

‘ 2d ' 


.sin 2ip milliKiiJs, and 


(7 456) 


Ar/^ = - 


2kMR 

2i7d 


•sin 2p 


The co<;ffir;ic>nt MMR/2/ is 0.0824 milligal.s for flic moon and ().()37(i for 
thosnn, and the foofficiont V!MRf2gr is 0.0173 arr for tlif? moon and 
0.0079 arc-sec. for thensun. 

Tabulations of lunar and .solar tide-conipoiKuits havi* l)(‘(*n piiblislud 
by K. 11. D. WyckofP calculated the total amplit ude for th(*t\vo 

principal hinar and solar sfunidiurnal, the ])rincii)«nl lunar and solar di- 
nrniil, and the luni.solar diurnal tide.s for I^itt.sburgh, and fcaind 0,167 


Handb. Expor. Phys. 25(2), 322 (li)31). 

.Amor. GoopliyR. Union, 17th Ann. .\1 U, pt. I, -lU '>2, July, 
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milligals. Therefore, the maximum possible variation between the maxi- 
mum and minimum of the curves would have been approximately 0.34 
milligals. The theoretical values agreed well with the records of a sta- 
tionary vertical seismo-gravimeter. 

B. Seculae (Geolooic) Tariations 

In the course of geologic time, considerable changes in mass distribution 
occur near the earth’s surface because of erosion, deposition of sediments, 
glaciation, removal of ice caps, erogenic and epeirogenic movements, fault- 
ing, volcanism, magma migrations, and the like. That some of these 
factors bring about changes in elevation has been definitely established. 
A well-known example is the uplift of Fennoscandia, whose postglacial 
rise is assumed to amount to a maximum of 275 m. Areas in which such 
movements occur are generally characterized by strong gravity anomalies, 
indicating incomplete isostatic compensation. Since the earth’s crust 
tends to re-establish the isostatic equilibrium disturbed by geologic factors, 
it must be expected that the greatest gravity changes occur in areas of 
large gravity anomalies. However, definite proof of this appears to be 
scarce. Virtually the only corroborative material has been supplied by 
measurements in India in 1865-1873 and their repetition in 1903 and 1904. 
The observed differences average 54 miUigals, which is equivalent to an 
increase in gravity by about 1| milligals per year. Some authors have 
expressed doubt as to the accuracy of the earlier measurements, and 
confirmation of such gravity variations in other regions is urgently needed. 

Subsurface mass displacements brought about by faulting, volcanic 
phenomena, and the like may also be expected to cause gravity variations. 
With an increase in the accuracy of recording gravimeters it is probable 
that useful information may be accumulated over a period of years in 
active earthquake regions and may lead to a solution of the problem of 
earthquake prediction. Combination of recording gravimeters with 
recording magnetometers and seismographs would be particularly useful. 
As is shown below, subsurface mass displacements can likewise be recorded 
by the torsion balance. 

C. Changes in Water Level (Tides and the Like) 

That changes in water level have a definite effect on the torsion balance 
has been shown both theoretically and by actual measurements.'^^ If 
a torsion balance is set up on the edge of a quay having vertical walls, 
so that the center of gravity of the balance is 13 teet above water level 

58 K. Jung, Haiidb. Exper, Phys., 26(3), 158 (1930). A. Schleuseiier, Beitr. 
angew'. Geophys., 6(4), 480-518 (1936). 
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at ebb tide, a rise in water level of 6.5 feet causes a change in gradi<}nt of the 
order of 90 Eotvds units however, this effect declines rapidly away from 
the edge and is only 1 Eotvos unit at a distance of 100 feet. The variation 
in the curvature values above the edge is 0. The maxiraum is observed 
about 10 feet from the edge; thence, the effect declines slowly and reaches 
1 Eotvos unit about 1000 feet from the edge. These values may be cal- 
culated by applying the formula for the two-dimensional effect of a vertical 
step given on page 264. If the coast is sloping, the tide effects must be 
calculated by using the formula for an inverted sloping edge. The gra- 
dients and curvature effects are less in this case. Thci gravity anomalies 
directly above the edge follow from formula (7~ 42e), It is seen that, for 
the same conditions assumed in the caleulation of the torsiciu balance 

• V 



Fkj. 7-54. Gravity gradicntH and ourv.'itnrc aiinmalicH profluccd wHitj flic water 
I(‘V(*1 in a lock in raiBcd hy .S.2 (after Schleu.HOfK’r) . 

anomalies, th(‘ gravity atioirialy at tlic edgi* is 0.05 ruilligah which is within 
the limits of accuracy of {)rcs(uit gr-tivinudcrs. 

Fig. 7 51 show.s th(‘ gravity gradiiuits, a.s well as the curvatiirf values, 
for a \vat(*r rist* of about (‘ight feed, in a lock, till ( kdonuiuod by a 
torsion btilaiici;, tin* distance of which fn>iuth(‘ <‘<lg(* ranged from 1 to 20 in. 
At 1 m disiaiict'! th(‘ gradient roaches a maxiinuiu of about 1 00 1*7 b. At 
3 in (listaiic(‘ a inaxiinurn in the curvature* oetuirs with 17 b.l’., and at 
20 in distance the gradient is 1 K.V. and the ourvatnr(‘ 7 E. i'. Dc- 
fhuitions of tlH‘ V(‘rti(*al may be calculated from an i!itf‘gralion of the curva- 
tuie variation; inuir tin* (‘dgc the deviation is 1.2- 10 ‘ ar<'-sc(n I>e- 
ohs(n'Vf‘d vahu's for all Ciuantiti(*s \v(‘n? in good agiasmicnt with values 
(‘al(‘ulat(‘d from lb(^ theory. 


I0()tv!)H unit = IC.f ’. “ 1 ■ 10 *'CJal-crii t 
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D. A-Etificial Mass Displacements (Mining Opeeations) an® the Like 

There can be no doubt that mass displacements, brought about by the 
removal of commercial minerals (salt, coal, sulfur, ore), and rock formation 
underground, and by filling of subsurface cavities produce variations of 
gravity anomalies with time. Actual measurements of such variations are 
apparently lacking. The only information now available are some calcula- 
tions concerning the maximum deflection of equipotential surfaces of 
gravity to be expected in such cases. For a coal seam 66 ft. in thickness, 
occupying a square 7.1 km wide, A. Schleusener™ has calculated that the 
maximum deformation would amount to only 3.4 mm. In the Ruhr 
district where 4 billion tons of coal have been removed in an area of lOOO to 
1500 square km., a drop of 3 mm of the niveau surfaces was calculated, 
assuming the average seam thickness to be 3 m. It should be observed 
that in these calculations the effect of refilling emptied pillars has not been 
considered. For a lignite open-pit mine of 50 m depth and 500 m breadth 
(200 m length), the maximum drop would be 2 mm and the ma,yinnnm 
deflection of the vertical at the edge would be 0.77 • 10““ arc-sec., corre- 
sponding to a maximum curvature anomaly of about 140 E.U. at that point. 

VII. DETERMINAnON OF THE DEFLECTIONS OF THE 

VERTICAL 

Deflections of the vertical, or “plumb-line deviations,” are as the name 
indicates departures of the direction of gravity from some reference direc- 
tion. As there is no absolute way of establishing a constant reference 
direction all over the earth, the direction of gravity is referred to an arbi- 
trarily adapted standard. It is easier to visualize the attitude of these two 
direction.^ by considering the surfaces to which they are perpendicular. 
The first is a niveau surface of gravity (a surface in which no gravity 
component,? exist), called a “geoid.” This has no regular geometric shape 
and i.s aff<‘etod by all vi.sible and invisible irregularities in mass distribution. 
The .s(!(;<)nd is an ellip.soid of revolution, also known a.s reference ellipsoid, 
since all accurate geodetic surveys are referred to it. The deviations in 
the direction of the perpendiculars to these planes are, therefore, the 
deflections of the vertical, that is, the deviation in the direction of actual 
gravity from that of normal gravity. The meridional deflection of the 
vertical is equal to the ratio of the horizontal gravity component in the 
meridian to gravity. It is frequently convenient to refer the deflection 
of the vertical to a point (P in Fig. 7-56) in which the directions of the 
normal and actual gravity are assumed to be identical. The magnitude 

Schleusener, Beitr. angew. Geophys., loc. eii. 
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of tlie gravity vectors is not defined by the direction of tlie niveau surface 
alone, but by the number of niveau surfaces per unit distance in the direc- 
tion of gravity. 

There are altogether four methods of de^tcu-iuining defiections of the 
vertical The first consists of a comparison of astronomic and geodetic 
measurements to establish a difference in the direction of thcj geoid and 
reference ellipsoid. The second measures the time variations of the 
direction of the vertical with horizontal penduluins. The third is based 
on field measurements of the horizontal component of gravity [uid is at 
present of theoretical significance only. The foiii-th is an indiiTH^t determi- 



n'lo. 7-55. llelatioiiH (Irflect.ioii of v(*rtical, }£:<'( )ifl, rcforoiicc cllij^Hoid and 

j^ravify ooni] 

nation by integration from cMirvatun; valu(‘.s in(*a.sun‘d with torsiuii 
balance*. Only th(‘ first and last iiKdliuds an* (iiscussed in Ibis section. 

In th(i astronomic or star ol)S(*rvatioii.s, instruments us(‘<l for the ddfo- 
miiiatioiii of longitude and latitude arc s(‘t with fheir axes nf ro voliitinu 
V’futical, by inc‘aiis of accuraf(^ spirit h‘vcls \vhi(‘!i adju.sf themselves into a 
niv(‘aii surfaee of gravity. Tlujudon*, astronomic oijsorv'atioiis givf* co- 
()rdinaf('s of a station on the gfM)id. If tiii‘.se ('ourdinat**.^, on tin* otlu*r 
hand, an* {letermiiual hy g(M><l(,*tic triangulation, the (‘alculatioii of ares, 
disiatKU's, and angl(‘s is ha.s(‘d on the g(*oiiietrie figure of the refennice 
ellii)S()i<l. T}i(‘ differenec of astronomic and g(M)d(‘tic latituci(*, th(*ref<)rc, 
giv'(*s tli(‘ d(dI(*etion in tin* m(*ridian. From difTen'iiees in a.stroiKunic and 
g('()(i(‘ti<! lougitiKk‘s, deflections in the prime* vertical may be obtained. 
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The accuracy is ±0.03 arc-sec. ia the meridian and 0.10 arc-sec. in the 
prime vertical. 

Much greater accuracy is obtainable by using torsion-balance observa- 
tions. Since the torsion balance measures the rate of change of the horizon- 
tal gravity components in the directions of minimum and maxiTninn curva- 
ture, differences in the horizontal gravity components may be obtained 
by integrating their variations with distance between stations. With 
division by gravity, the corresponding differences in the deflections of the 
vertical can be calculated. Since the torsion balance does not measure the 
vertical gravity gradient and furnishes the gradients of the horizontal 
components only in the combination b^U/dy^ — d^Ulbz^, relative deter- 
minations are possible only when deflections of the vertical are known at 
two points, at the end of a torsion-balance traverse.’^ According to Oltay'^^ 
a comparison of astronomic and geodetic deflection observations with 
torsion-balance measurements in the Hungarian plain gave an accuracy of 
3- 10"* arc-sec. per km. 

In practice the determination of deflections of the vertical from torsion- 
balance observations is simplified when geologic bodies are essentially 
two-dimensional. In that case, the curvature values correspond to cylin- 
drical niveau surfaces, which are fully defined by one radius of curvature, 
and a variation of the horizontal gravity component in only one {z') 
direction. Then the deflection of the vertical is 

The integration is carried out numerically by using averages of curya- 
tures between closely spaced stations or by integraphs. In this manner 
Schlensener^* obtained an accuracy of about 1-10“'^ arc-sec. per meter of 
horizontal distance. The maximum deflections calculated from curvature 
values, reaching a maximum of 50 E.U-, were of the order of 1- 10~^ arc-sec. 
Such deflections cannot be detected by the astronomic-geodetic method. 

Observations of deflections of the vertical must be carefully corrected 
for the effects of near and distant topography. Terrain effects may be 
calculated by the use of diagrams composed of sectors bounded by radial 
lines and concentric circles, such as those calculated by Hayford^^ and 
Schleusencr.^'^ For the interpretation of anomalies in the deflection of the 

’’iR. V. Eotvos, Verh. 15. Allg. Conf. Internat. Erdmess. (Budapest, 1908). 

72 K. Oltay, Geodet. Arb. d. R. v. Edtvos Geophys. Forsch. Inst., Vol. II (Buda- 
pest, 1927). 

’•■’Beitr. angew. Geophys., loc. cit. 

74 John F- Hayford, “The Figure of the Earth and Isostasy from Measurements 
in the U. S.,’ ’ U. S. Department of Commerce (1909). 

7fiZ/oc. cit. 
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vertical, graphical methods or integration machines arc employed. Since 
deflection of the vertical is horizontal gravity component divided by 
gravity, diagrams and integraphs developed for the (vertical component 
of) gravity are applicable with 90° rotation of geologic section or diagram. 

YIII. TORSION-BALANCE METHODS 

A. Quantities Measured; Space Geometrv of EciUiPOTENTun 

Surfaces 

The torsion balance measures the following physical quantities: (1) 
the “gradient,” or rate of change of gravity, rclatid to the convergence of 
equipotential surfaces and to the curvature of the vertical; (2) tin; so-called 
“curvature values,” or “horizontal directing forces,” whic'h give the 
deviation of equipotential surfaces from spherical shape, and give the 
direction of the minimum curvature. The curvature vakuAS r('pre,sent the 
north gradient of the east component of gravity and the diffitnuice of the 
east gradient of the cast component rainu.s the north gradient of the north 
component. From the previous diseus.sion of gravity, gr!i\-it.y potential, 
and surfaces of equal potential,^* it is se(!n that the di-stanoe h(;tv'<!C!n the 
latter is inversely proportional to the gravity. Hence;, a convergence of 
equipotential surfaces corresponds to a horizontal change or a gradi<‘nt of 
gravity. If the change between two points Ls uniform, y' = f/ +- (9i7/fl.s).(fs 
whore (5p/3.s) is the gradient of gravity at. right angh'.s to a lim* of e<iual 
gravity (isogam). The gradient may he n'.solvod into a north and east 
component so that 

< 1(1 

Inn a - (7 47a) 

(Kr 

( 1 radical! ts are (^X{)r(‘ss<‘(l in Kotvas uiiils --- K,\\ 10 ‘ units or 

10 dais cirl \ Lsop;unKs ar(‘ usually flniwii at intervals of 1 or i niilliKal 
A {,;hanf 2 ;() in gravit.y by I. niilli^a! for I km dLstaiicr (airrcspoiHls to a gra- 
dient of about 10 E,LI. If k and //, ivsjKrtivcl v, ivprosont tin* s|)a(*inp;K 
of two eqiiipotantial Hiirfams with thf‘ coina’rKriKM* t hetwron t\v(» points 
wliosu horizontal s(‘parat.ion la ds^ then dh — dh' dh uls. If r is tli(‘ 
radius of curvatura of tho vortiral, dh = to*. Sinre* gdh ^ g‘ilh\ 
(jdh = -f (dg/ds)>dd) - (dh “ u/.s-). Substituting t = dh/r, gdh = 


(h y \c):rdzj \()!/ Dz) 


and 
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Fia. 7-56a, Horizontal gravity components and lines of force corresponding to a 
niveau surface with equal principal curvatures (after Eybar). 



Fig. 7-566. llorizontal gravity components and lines of force corresponding to a 
niveau surface with unequal principal curvatures (after Rybar). 
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dk{l - ds/r) {g + {dg/ds) Dividing by dk and ds, 0 = 

gfr — {ds/r) -dg/ds, so that, by neglecting second-order terms, 

?£ s ? = 

9s T dh* 

which states that the gradient of gravity is proportional to the curvature 
of the vertical or to the convergence of the equipotcntial surfaces. A 
torsion balance with a sensitivity of 1 E.U., in which dh (corresponding 
to the distance between weights) is of the order of 60 cm, can therefore 
still detect a convergence of equipotcntial surfaces of the order of 1 /100,0(K) 
arc-sec. 

In addition to the forces resulting from a convergence of equipotcntial 
surfaces, the torsion balance is affected by components resulting from the 

curvature conditions of a single equipo- 
tcntial surface. These stirfaces, in turn, 
are customarily defined by the maximum 
and the minimum curvatiireH in two di- 
rections at right angles to each other. 
The torsion balance dotm not give these 
curvatures indepenchuiliy ; it gives merely 
tlicir difference. One E.T. eorresponds 
to a difference in thfi principal curva- 
ture radii of alxMit 4 kni. 

Fig- 7- 5fkz illustrates the gravity field 
for a spherical surface. Si^e(^ the princi- 
pal curvaturf?s are ec|ual, tfu* horizontal 
gravity eoinpoiKuifs an* (‘final al points 
of ecpial distaiicf^ from th(^ efuitfu*. Their 
rf'sultants point to tlie center and no 
beam didleetiou obtains. If i\n\ curvatnn* in s(‘ctiuii I is Ic.ss than 
in section II, us in Fig. 7 r)(ib, the gravity eeinponents in tfic* foriiKT 
are^ less than thosc^ in the latter. ''Flut rc.sultant forees no longer 
point to the eentfu', and give rise to a small eoiiph* tmeiing to more tlie 
beam into th(^ din^etion of F.a.st eurvatuiv. It is that lie* torsien 

balance indicates the. ({(‘viation of n l(‘vel [)lan<* from .sph(*ri(‘al shape. Let 
r' and ?y' (Fig* 7 57) b(* the direct ioii.s of principal eiirvat u ./*' making 
th('. angle X with north f.r direetion;. A.'^suining a linear \'ariatioii which is 
p(U'inissibk! within th(‘ small dinumsions of the in.st rnrnent . tin* imrizontal 
gravity (!omi>on(*ntH at any [)f>int /Tr, //) an* 




Km. 7-57. Horizon till forem 
and <iir(*(‘tif)nK of principal (*urrii- 



{ 7 '^480) 
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It will be convenient to introduce the following simplified notation for 
the components and their gradients in the xy as well as the xY system; 


(7-48fc) 




d^U _ 

d^U 



III 


dx'^ 

= a' 

dx 

dx 

d^U ^ 

d^U 


1 

III 

4 

^ = F' 

W ~ ’ 

dy'^: 


by 


dxdy~ ' 

d^U 
ba! by' 



Hence, eq. (7~48a) may he written 

X = ax + O'!/ 
F = cr + by. 


(7--48C) 


The following relations, as obtained from Fig. 7-57 may be substituted 
in eq. (7-48c): 

X = Z' cos \ — Y' sin X x = x' cos X — 2 /^ sin X 

and 

F = X' sin X -h F' cos X y = x' sin X + ?/'' cos X 

Divide the resulting equations by sin X and cos X, respectively, and form 
two new equations by adding and subtracting them. When divided by 
(cotan X + tan X) the new equations have the form 


X' = x' {u} + 2/' M 
Y' = x' {v} +y' {wj 

The coefficients are: 

u = a cos^ X + b sin^ X + c sin 2X; 

b “ a 


(7-48d) 


V = 


sin 2X “h c cos 2X; 


w = b cos X + a sin X — c sin 2X, 
so that eq. (7-48d) becomes 

X = a; 


(a cos* X + b sin* X + c sin 2X-) + y'l — ^ sin 2X +- c cos 2X 
X' = x' sin 2X + c cos 2\^ -f y'0> cos^ X 4 a siii^ X - csin 2X) 


(7-48e) 
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Since in the x'y' system the coefficient of y' in the first equation and the 
coefficient of x' in the second equation are zero, it follows that tan 2X = 
-“2c/ (b ~ a) or, in regular notation, 


tan 2A = 


2^ 

dx dy 

yu_ d'u\- 

9^/ 


(7-48/) 


Hence, (7-48e) becomes 


X' = x' {a cos“ \ + b sin'^ X + c sin 2X) 
Y' - y' {b cos* X + a sin* X — c sin 2X} . 


C7-48fi) 



Fic. 7-58. HftlatioriB of gravity 
cotnponentH and oiirvaturo of nivoan 
surfa(‘(3. 


In the x' plane of minimum curva- 
ture (see Fig. 7-58), AG/ AO A F/A C 
or 

i = _ ■ 

f 

Pz' ^ 

hence, Simi- 

larly, for the y' plane, d^U/dy'^ = 
— [gfpy')i HO that the diff(‘r(Mice of the 
curvaturCvS (ir the ckviaiwn fwui the 
spherical shape in 


/I _ 1\ dUj _ <f(^ 

\Pl P2/ ^2/'^ ' 


(7-48ft) 


where th(j iiotatioiiH P2 arid pi (principal radii of euivalurc) hav'(‘ h(H‘ii used 
for Px' and py'. 

Th(^ torsion balance does not indicahi lie* (piantity on ilie right sid(* of 
this (‘({nation, siiiCM* the <lir(*(*1ions xby' and I la? angle X an* unknown. How- 
(!V(‘r, it is S(*(‘n by coniparing (?({. (7 ISd) with e<|. (7 4.Sr) that tlie coi/ffi- 
ci<‘nts and b' (!(‘fine(,l in <*(}. (7 IHh) an? idenfioal with thi* coefficiiuits 
u and w, so that 

a' = a e<)s‘ X -f b sin” A -f c sin 2k 

and 


b' = b (ios‘ X 4“ a. sin” X — c sin 2X. 


By forming the (liff(‘r(‘U<'(? of th(*se two (Mpiations and substitut ing (*c}. 
(7 48/), we obtain (b — a)/(b' — a') = (?oH2Xor 


) cos 2X = 


1 
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so that eq. (7-48/i) becomes 

- ff 1 - - - 1 cos 2X = ® ^ (7-480 

B. Thdohy of Torsion Balance 

The torsion balance measures horizontal and vertical gradients of 
horizontal gravity components but does not react to vertical changes in 
gravity. Its center of gravity is far enough below the point of suspension 
so that tilting effects are not noticeable; nor is it affected by gravity itself, 
since its action on the center of gravity is compensated by the tension of 
the suspension wire. The suspended lower weight will be deflected from 
the vertical, but this is too small to be measured. Horizontal forces 
alone are effective at both ends of the beam, For a given deflection the 
torsional moment of the wire and the moment of the horizontal forces 
are in equilibrium. 

1 . The Eoivda curvature variometer is identical in form with the instru- 
ments used by Cavendish, Heyl, and others for the determination of the 
gravitational constant (see Fig. 7-3). Its action in a field with parabolic 
lines of force was illustrated in Fig. 7-566. If will be shown in the next 
paragraph that its deflections are proportional to the ^‘curvature values'' 

— d^Ufba? and d^U/dxdy. It has not been extensively used, 
since curvature values are not too readily interpreted and are affected 
more by masses near the horizon than underneath the instrument. Con- 
sequently, terrain irregularities cause considerable interference. Eotvos 
built three types, two with one beam and one with three beams 120° 
apart. Separate curvature variometers are no longer used, since beams 
designed to give gravity gradients furnish the curvature values at the same 
time when they are set up in the requisite number of azimuths. Such 
instruments are known as gravity variometers of the second type, com- 
bined gradient and curvature variometers, or merely ‘"gradient" vari- 
ometers. 

2. The combined gradient and curvature variometer is illustrated in Fig. 
2-4 of Chapter 2. If the equipotential surfaces passing through the 
weights make an angle i with one another, a horizontal component H = 
mgt is produced. Its moment Di = Imguj where I is one half of the beam 
length and ?? 2 the beam mass. Substituting eq. (7-476). 

Dj = mM^. (7-49a) 

ds 

If the angle of the beam with north is a and that of the direction of 
maximum gradient is (90 + 

do d^TJ d^U 

-= cos a — — — Sin a 

ds dydz dxdz 
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and the ^ gradient^' moment is 

(7-49B 

where d^U /dxdz = 17,;* is the north gradient of gravity and 
Uyg is the east gradient. 

For a derivation of the curvature effect, assume that the beam makes the 
angle a with the north direction and the angle /3 with the direction of mini- 



7-50. Ilorizoiital dh bulancci duc’tui tuih ii» nivi‘;m 


mum curvHt uro (Kig. 7 7)\)). '’rin'iitlo* F at, rifrht ariglts to thi‘ 

!)(‘ani is th(‘ })roj('(!ti(>ii of tfu* ro.sultant of — rif'^br'and - d f ’ '/iy/' and its 
mDincnt = 2t/dF. vSinc(‘ F ^ cos —{'oF di/) sin 7 = 

{(fl cos ~ i <Tl ' /(FF")!/ sin /j, the rnouH'nf Do bccoiiH’s. by 

substilul ion of r' = / cos b, //' ^ / sin /i, ;ui<l 2/"//? -- /v", flic inonuoit ^)f 
inertia of th(i bcaun^ 


B, = 

W- ^r.'y 


(7- ,7()a) 
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By combinatioa of (7 -48k) and (7-48t), 

d^U _d^U ^ 1 /aV _ 

ey'^ dx'^ cos2\\dy^ dx^/’ 

so that by substituting (a — X) for and considering eq. (7-48/) 



Firj. 7-()0. Gi’iulifMii and curvature effects oix balance beam as functions of aziniutli. 

where d^U jdy — d^U/dx^ ^ Ua is the so-called north and 2 d^^U/6xdy = 
211x1, the east component of the curvature values. The equation indicates 
that the curvature elfects are proportional to the double azimuth, while the 
gradient effects arc porportioixal to the azimuth itself (see Fig. 7-60). 

In the equilibrium position, = Di + I>2, where r is the torsional 
coefficient of the wire and 9? the angle of deflection. The beam deflection 
is measured by mirror (attached to the beam), graduated scale, and tele- 
scope, or by photographic recording. In both cases, an autocollimatioii’’ 
method i.s applied with the ‘‘objective’’ lens in front of the halance-beam 
mirror. If n is the reading corresponding to a deflecdiou (/?, and no (torsion- 
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less position) the reading corresponding to zero deflection, = 2^f 

(or i<pf with double reflection, as in the small ~l>ar and tilt-beam 

Askania balances). Then, n — no 


2f?l±®=,or 

r 


fK . - 

n — na — •— an 2a 

T 


(d^u _ aV\ 

dx^/ 


d'U 


d^U\ ,fK ^ ^ 

+ COB 2a-2 

T ax by 


^ 2imlh rU 

+ cos a — 

T bydz 


bx^ j 

2imlh dHl 


f (7-5la) 


dxbz 


Sin a 


This is the principal equation of the torsion balance of the second Und. 
In the abbreviated notation previously referred to, and with tlie ‘instru- 
ment constants, 

iK 


a 


and b 


^mlh 

f 

r r 

the principal equation (see Fig. 7~60) is 

ri, — no — 2l{Ua sin 2a + 2Uzy cos 2a) + l)(f*OH aUyz — sin (7-516) 


This equation contains five unknown ejuantities: the four hhioikI deriva- 
tives of the gravity potential and tio- They may Ix^ detc^rmitKMi from five 
equations by observing beam defleetioriH in fiv(i aziinutliH (O"^, 72®, 
144°, 216°, and 288°). Such observations tak(i c*on.si(l(‘rable time, owing 
to the long period of the beam. Since T == 27r -s/A/t, a with 

K ^ 20,000 e.G.S. units and r ^ 0.5 C.G.S. unit hm a ixu'iod of the 
order of 20 minutes. To reduce the observation time, Edtvbs de.signed a 
double instrument with two beams in antiparallel arrangement, rotated 
together into the respective azimuths. This adds a .sixth unknown 
(the torsionloss position of tlic second iH^aiii). Howev<T, sine<i two 
observations are made in each azimuth, six (luantitirs may ob- 
tained in three positions. 

3. The double {jradient and curvature variu rider is nsually so arranged 
that when the photographic or reading device is (H’icntfsi toward north, 
the hanging w'cight of balance 1 is in the smith, and at' 180°, a' = 0. 
Then a'b' are thf? constants for the first halanra^ and for tin* si'coiid 

balance. TIk; subscripts I, 2, and 3 refer to the azimuths f'P®, 120*°, 240°). 
Then the general equations are, for beam II (az. «j, 

rd' — 7h == a" (sin 2a- (T + cus 2a -27 \y) ■+ b" (<'os a- I --- sin («• ! hd 


and, for beam I (az. a + tt), 

fi' — . 2a- b A + cos 2a' 2r ^y) ”” h^ (<'Os a- I \x ~~ sin a * 7 hrd-j 

(7 52a) 

The above synihuls are custoinarily used for the instrument coimtants and are 
not idonlical with the quantities a and b defined by eq. ( 7 - 485 )- 



CuAi’- 7| 


(IHAVITATIONAL MKTHODS 


17() 


«.i' - no' = 2a' 

n[' - n" = 2a''U^ - V'Uy, 


r 

no 


These ectuations indicate that in an^ azimtith the effect of curvatures 
is in the same direction and that of the gradients is in opposite direction 
for both beams. The following set of equations is then obtained for three 
positions : 

Position 1 

ol = 180°: 
oi' = 0°: 

Position 2 

-a' sin 60° Ua - 2a' cos 60° 

+ b' sin 60° Us. + h' cos 60° 

-a" sin 60° Ua - 2a" cos 60° V^, 

- b" sin 60° U.. - h" cos 60° Uy, 
Position S 

a' = 60°: nl - n„' = a' sin 60° Ua - 2a' cos 60° Usy 

— b' sin 60° U.. + b' cos 60° Uy, 
a" = 240°: Hi - n" = a" sin 60° Ua - 2a" cos 60° Us, 

4 b" sin 60° U.. - b" cos 60° ' 

d'hc two torsionless position readings, no and no\ are obtained from the 


a' = 300°: n. 

Of" = 120°: no - nj 


a)ithinc“tie mean of the deflections 


' 1 ' I ' 

! rii + ii2 + ns 

= 3 


and no — - 


n , If , If 
ni + 712 + ns 


i7~52b) 


T\v(y positions are th(^rcfore sufficient to calculate the other four nnkiiowiis. 
( -ombiriatioii of positions 2 and 3 is in most general use, but combinations 
1 and 3 , and 1 and 2 arc* eqiially'suitable. With the notations -■ n^o — ; 

)i 2 — ffo = A 2 ] Us — no = A 3 and n-i — no = Ai ; n 2 — no = Ao ; 
ii'l — r/i! = A;/, tlio equations! for positions 2 and 3 arc: 


(Ij A2 = - ^'Us, + X^-h'Uss -l-^b'T,. 

(2) a"UA - a"lUy - b"f;„ - W'U,. 

(3) a'UA - ^'Us, - 4^b't/V- 

(4) a"UA - a"l/.„+ '^^b"f;„ - W'U,. 
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(5) (2 + 4) = A 2 + As = -2a"t/^ - h''U^. 

(6) (1+3) = A^ + Ac = -2a'f/.„ + h'U,. 

(7) (1-3) = Ac - Ac = ~V^b!Ua + V3 

(8) (2 — 4) = Ac — Ac = — 'y/^ A — u wxi 


Multiplying (5) by a' and ((>) by —a" and adding, 


Multiplying the same equations by b' and b" i-espectivcily, 

2?7*u = — - r (Ac + Ac) + — (Aj + As ) 

a"b' + aV'L ^ y/ ' ’ 


Multiplying (7) by b" and (8) by b' and adding, 




(Ac — As) + j^Tj (A 2 


V3 (a'b" + a"bO L 
Multiplying (7) by a" and (8) by —a' and adding, 




V3'(a"b' + a'b") 


(Ac — Ac) 


(Ai 


A^) 


Ac) 


Witli the notations 


0 = 


\/3 (a"b' + a'b") 


v/3 (a"b' + a'b"; 


^ a'b"+ a"b' 


a'b" + a"b 


"b' f 


s 




forniuhis (7 !')2c) to (7 52/) iini^’ lx: written 


Ur. = o[(Ac - A,() - s'A.r - A,;')l 

U,r = p[(Ac - Ac) - s(a" - a'.')! 

U.A = -q[(A( - xl) + t^A" -- Ac')l 

2(u,. = -rKA.; + A:;) + tfA: /- a',')]. 


In a similar inaiiner, tlio following expressions arc (Ajlained for 
(1) and (2): 


(7~52j) 

(r-52i) 

(7-52«) 

(7-52/) 

52(7) 

( 7 52/1) 

positions 



Chap. 7] 


aRA.VITATIONAL METHODS 


181 




V3 (si''V + a'b") 


(2A2 -f- Ai) — (2A2 + a 5,0 


a"b' + a'V' 


= 

£pb'>a' 

For positions (1) and (3) 

U: 


A ' A " 

[_a.--a,J 


Vs (a"b' + a'b'O 

b" 


(2A2'+ aO (2Ar + Ar: 


A ' ! b' // 

'V' L ‘ V' ■ 


V3(a-V + a'b-) ~ ^ + ^"^11 

= ~^h' + a'b" ““ a^ 

" i"b' + a'P _^‘ ■*■ f' ^‘ ]■ 


(7-52i) 


(r-52j) 


It may happen that for some reason one beam of the double variometer 
gets out of order. It is then possible to work with, one beam only. How- 
ever, more than three positions are rec[uired. For gradients only, obser- 
vations are necessary in four positions, and for all derivatives five azimuths 
are rcciuired. 

For observations in four azimuths, it is advisable to take the first 
reading in the azimuth N 45"^ E. and rotate the instrument by 90° inter- 
vals. riien^ for beam I: 


(position 1) a = 225® 

(position 2) a = 315® 

(position 3) a = 45® 

(position 4) a = 135° 


= a'f/A 4- V sin 45® Ua:^ - h' sin 45° Uy^ 

= —a'U^-\-h' sin 45® Uxz + b' sin 45® Uyz 
= a'lU - h' sin 45® U:z. + h' sin 45° Uy, 

= —a'Ut, — b'sin 45° U^z — b' sin45°?7i,^. 


For beam II : 


(position 1) oc = 45°: 

(position 2) a ~ 135°: 

(position 3) a = 225°: 

(position 4) a = 315°: 


= b!^U^ - b" sin 45® U , + h" sin 45° Uy. 

= -3l''Ua - b" sin 45° U^z - b" sin 45® Uyz 
= a"U^ + b" sin 45® U - sin 45° Uy, 

= _ a''[7A +- b" sin 45° J:cz + b" sin 45° Uy.. 



m 


GRAVITATIONAL MKTHOOS 


IGhap. 7 


Hence, for balance I : 

(1 + 2) = = 2b' (0.707) 

(2 ”1“ 3) = As -)■ Aj = 2b' (0.707) t/yi 

(3 + 4) = Aa + aI = -2b' (0.707) fi„ 

(4 + 1) = A.; + Ai' = -2b' (0.707)i;7,„ 

and for balance II: 

(1 + 2) = a',' + Ai' = -2b" (0.707) (/x, 

(2 + 3) = aJ' + a " = -2b" (0.707)17,.. 

(3 + 4) = a;' + A4 = 2b" (0.707) //x, 

(4 + 1) = a'/ -f- aI' = 2b" (0.707)7/,,. 


From beam I : 


and f roni Ixiam 1 1 : 


In t'li('.s(' fxiuatiaiis 



— (As -f A«) 

1 414b' 

1.414b' 

xi + ^3 _ 

-(a[ + aU 

l.4Ub' 

1.414b' 

a;/ + a',' 

-(a',' -4- As 

1.414b" 

1.4 14b" 

a" J_ a" 

A.i + Ai 

-fA;'4- a:; 

1.414b" 

1.4 14b" 


' 1 ' 1 ' I ' 

/ /li H'l + /(f;i T" 


rii + /(2 + m 4- /( t 
4 


(7 ma) 


\ ( 7 r)3b) 


'I'lKM'cforc, I'x, — -f (//i — /^5)/2b :iih1 f - //i) '2b, wlicrc tlie 

upper .si|j;ns an- for Ix^ain f and the lowfr for hcain II. 

If only one balaiiee Ixaiiii is funct ioiiiu^ii; and if holh ^nidiciits and 
curvatures ar(‘ d(‘.sir(*(I, ohservatious in five azimuths aiv reipiin'd. I hen 
for hf'ain If: 
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(1) a = 0“; n[' - no = 2a"C7^ + 

(2) « = 72°; % - no = a" sin 36° - 2a" cos 36° 

4 b" cos 72° - b" sin 72° U 

(3) a = 144°; 'th - n'o = a" sin 36° U^ 4 2a" cos 72° 

- b" cos 36° - b" sin 36° U 

(4) a = 216°;' rll - n^ ^ a" sin 36° t/^ 4 2a" cos 72° XJ^ 

- b" cos 36° 4 b" sin 36° XJ.. 

(5) a = 288°; ni - n'o = a" sin 36° - 2a" cos 36° 

4 b" cos 72° Vy^ 4 b" sin 72° 77. 

For beam I reverse only the signs for gradients. 

Hence, for beam II: 

Uxz - ~ [M(% — rii) +N{ni — rit)] 

D 


Uyz = r [P(n6 4 JTs — 2ni) — Oirk 4 rts — 2ni)] 

D 

Ui = — - [N(nB — rh) — M(?i4 — rii)] 


(7-54o) 


[0'(% + n 2 — 2ni) — Pint 4 ns — 2%)], 


M = ^ - - or 0.38042 

2 — cos 72 4 cos 36 

w sin 36° noocti 

0 = 

5 (cos 72 + cos 36) 

— 1 cos 72 ^ 10013 1 


With the foregoing coefficients, the instrument constants a and h may 
be conibiniHl for convenience in calculation. Equations (7 ■-54a) contain 
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only readings n and no no . With deflections A from tlie torsionloss posi- 
tion, the equations are: 

= -c [0.2351 (4 l 3 - Ai) + 0.3804 (A 2 - A 5 )] 

D 

Uu. = -c [0.7236(A3 + A,) + 0.2764(A2 + A,)] 

0 

(7-545) 

f/A = ^ [0.2351(A3 - A,) - (),3804(Aj - A,)] 

a 

2U^ = [0.1382(Aa + A,) + O.SSISCAj + Aj)] 

a 

where the numerical factors represent coml.)iiiatioixH of trigaii<)rn<‘tric func- 
tions, as given before, and where 


4. Horizontal gradionieicrs and dnilar imirmamta. Bc;(*ausc gradients 
are more readily interprct(‘xl than (•urv«atur(‘ values, and since the latter 

arii very (nralie in cc.Tiain typers of 
work (rugged topoji;ni|>hy,an(l irreg- 
ular density dLstrihution lujar the 
surface), a nuinlxu'of at t (‘in pis have 
h(‘(*n niu(l(‘ U) design torsion balances 
which furnish ihV* gra(li(*nts alone or 
give them at IfMist in hvver posi- 
tions than an^ rcijuired t<.) (jbtain 
l)()t h gradients and curvature values. 
This ()l)j(‘et iv(‘ may lx* acconpdished 
hylialanec beams nf (lifl(‘r(‘nt designs 
oi'by suital ile eninl /mat ions ofstaiid- 
ar<l b(‘ams, In any beam with sym- 
metrical mass (list ril Jilt ion tin* in- 
fliKUiec* of th(‘ eurv'atures is zero. 
If OIK' of th{‘S(‘ masses is jilaced at 
a diirenmt (devatioa, tlie beam will 
1)(* aff(.‘ct(*d by th(‘ gradient forces 
aloiHu In 1hi‘ gradioimd er of 8haw 
and r.ancaster-dones'’^ three mussf's 

(j. 74)1, < Iradioiael cr. H, Damping 

ring; p, arm; ///, iiuiKHeH hifter Hci . Iiistr., 40(11/12), 1 20 (.Vov. 

IxuieaHtcr Joik'b). !in<l Dee,, 11)32). 
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are spaced at angles of 120° (Fig. 7-61). All masses are equal aad 
balanced. Since the moment of the curvature forces on each mass is D 2 = 
mpF {p = radius arm), the sum of the three moments to be used in eq. 
(7-506) would be zero for any value of a. This may be demonstrated 
readily for the position a = 0: 

D 2 + D;' + D 2 ' = I mp^ (C/a sin 60° - 17 a sin 60° 

+ 217a, - 2i7;q,cos 60° - 217*, cos 60°} = 0. 

Therefore, formula (7-516) for the standard balance reduces to 

n — no = h (cos a U^z — sin a 17*,), (7-55) 

where b = 2lmph/r and which contains three unknowns. These may be 
determined in three azimuths so that when 


a = 0°, 


ni — no = bUy,: 


120°, rt/t — no 


a = 240°, ni — no = h 




Uzz 1; aad 


+ ^E7. 


Hence; 


I- {ni — no) 


(r-555) 


whei'ii no = i(ni + ^2 + ^3). J 

Tor four ixKsiiions {if, 90°, 180'', md 270°) the readings become 

Til — '/Zu = 'bf/j/2, uz — no = ’-hUyg, 


ni — ?zo 


Til — Uq 


riA — no = hUxz , 


so tlia.t Th ~~ riQ = Uq — ni and — no = rzo — ?Z4 - Tiie zio is thus half 
the sum of thu (opposing readings. Then 


Ihz = ^ [(^4 - no) - im - no)] 
Uyz = ^ [(rii -fk}) - {ni - «o)]. 


(7-55c) 
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Balancjb fl 

Jieading 
a ■» {>0®. Ui 

a - 270". n'/ 


If two balance systems are used iu a gradiometer 
only two azimuths are required. 

In the Haalck torsion l)alan(*e (scHi Fig. 7~-62a) 
two standard beams are used at riglit angles to 
(laeh other; only two azimuths are n(,H‘es,sary to 
^ cancel the curvatures aud to d(d,erinin(! gradients. 

TIhi arrangeiueiit is s{‘en from the following 

seheiiH' : 

Haoance I Ba'lancjb fl 

Heading Heading 

Azimuth 1, a « 0®. ni oc " OO®. n'/ 

“ 2, « « a - 270". 

Fro. 7"62a Haalck hal- ^ rijs 

ance (gradiometer). With formula (7-t)lu) 

(position 1): 

(1) balance I: 7i[ — nl) = a.'-2(Jrv +-b'*f 

(2) halaiicr^ II: n! — ?/a — a"- *-”217^ +b /’xr, 

(position 2) : 

(3) balance I : + 

(4) balance II: — fUi — a"- — 2/ b/4, . 

Subtracting (‘quatioii (3) from (1), 




and subtract iiig (*quation 2 from 4. 


(Uir\'aiun! values imiy be obtained In- 
set ling up the balaiiei' in llirei' azimutlis. 

In //er:/.77'’s lialance (Fig. 7 four- 

Ix-anis are used in such iiiaiiiau* that two 
standard sets niak(‘ an angle of biF with 
(‘uch ot 1 h‘i*. Only /in; aziinullis aro re- 
(juiia'd to obtain fxdh gradienl.s and 
(‘Ura'alnrc* values. 4'lie formulas for- this 
iristruineiit may bi* d<‘ri\'(*d by sub.^ti- 
hiiitig tb(‘ \'alu(‘s in Fabb‘ 21 in ecj. 
(7 alb). 
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Table 21 


Position 

Balance I 

• Balance II 

Balance III 

Balance IV 

Az. 

Bead. 

Az. 

Read. 

Az. 

Read. 

Az. 

Bead. 

1 

0° 

Ill' 

60® 

ni" 

180® 

n/" 

240° 

Til'"' 

2 

180° 

Yl{ 

240“ 

712' 

0® 

ni"' 

60° 

712 "'' 


Fig. 7~63 shows the Numeroy’^^ three-beam balance. 
With it, gradients may be determined in the 0° and 
180^^ or 90"^ and 270"^ positions. A.ii intermediate 
azimuth is required for curvatures. The beam 
azimuths and readings in these positions are shown in 
Table 22. 

The equations for the six possible combinations 
(canceling the torsionless-position reading) are:'^®* 

(1) From positions 1 and 2: 

n[ - hUy^ + 

4“ a\/s 





Table 22 



Balance I 

Balance II 

Balance III 


Az. 

Read. 

Az. 

Bead. 

A., 

Bead. 

1 

[V 

rii' 

120® 

Til" 

240° 

ni"' 

2 

DO® 

n‘/ 

210® 

n" 

330° 


3 

180“ 

riz' 

300® 

■n-r 

60° 

nz "' 

4 

270“ 

n/ 

30® 

ft." 

150® 

I 714"' 


Fig. 7-63. Nu- 
laerov - Askania 
three -be a in bal- 
ance. 


73 B. Nuinerov, Astron. Inst. Leniagrad Bull., 30, 103-108 (1932). 

7flaFar Hiinplicity, the constants a and b are here taken to be aliEe for all three 
beams. 
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(2) From positions 1 and 3 : 
rii — n'i = A.i'_s = 2b!7j,* 
n( - s = -hUy, - b Vs Us. 
n!' - V' = V-s = -Wy, 4- b Vs Us. 

(S) From positions 1 and 4; 
ni — ni = A'l-t = i&Uxy + bt/'s* — 

1^1 yi4 = Ai_4 = 23.Uxy -f" 3.'\/S U is 

-|(V3 + l)i7,.-^(V3-l)t^,, 
«•! — rii = Ai _4 = — 22 iUxy — a Vs C/a 

+ ^(V3- 1)C^.. + ^(V3 + 1)F., 

(4) From positions 2 and 3: 

- n, = aLs = -4af/^ + bt7„;, - hUs. 

Hi - V = A2-3 = 2aC/is - a Vs Ua 

-l{V'i + i)Uys-l(V^-i)Us. 
Hi' - rii' = Aa'Ia = 2al7xj, 4- aVs Ua 

+ I (V3 - l)C/„x + \ (Vs 4- 

(5) From positions 2 and 4; 

n2 — n'i = A2-4 = -2bf/'xx 

% - ral' = aV = -2b Vs Uy. 4- bt/xx 
% - n.4 s A 2-4 = 4-bV3 Uys 4- bf/^x 

(6) From positions 3 and 4 : 

n '3 - n[ = aLa = isiUsy - hUy, - hUs. 

■ns - ni = Ar_4 = -2a.Us:y 4- aVs U a 

~ 2 (V/S — l)Uy. 2 (Vd 4 - l)V 

/If fft 

ns - Ua ^ A3_4 = -2ai7x:, - aVS Ua 

+ ^ (Vs 4- l)V,„ - 2 (Vs - l)Us. 
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It is seen that from the diametrical positions 1-3 and 2-4, the gradients 
alone may be obtained, but that for curvatures an additional intermediate 
position is required. 

Hence, for the gradients. 


= 


’2bV3 


and 


or 


2b 


Uxt — • •^2—4 , and 


U. 


1 


2bV3 


'5 (A2_4 — A2_4). 


(7-57a) 


From combinations 1,3, 4, and 6, we have the following equations for the 
curvatures : 


2U.y = Uy;) 

(5) U, = CAr_4 - A;"4) + ^ (H., + Uy.) 

(4) = -2-^1 (a;'_3 - aZz) - ^ (f/.. + UyO 

(6) (a;-4 - A^) - ~ {v„ - Uy.) 

2U ,, + Uy ,) 


^ (7-571.) 


Although it is not a gradiomctcr, the coiitimiously rotating balance 
proposed by Kilchling^° may be mentioacd here. It consists of a single 
combined gradient and curvature balance, which is suspended from a 


K.Zilchling, Zeit. Geophys., 2(4), 134-137 (1926); 3(6), 281-285 (1927). 
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slowly rotated wire while a record is takea of the beam position with respect 
to the iastrament case. As the gradient effects are proportional to the 
single azioiath, and the curvature values proportional to the double 
azimuth, one revolution yields an irregular curve whose positive and 
negative portions have different amplitudes. Evaluation is b^i«ed on a 
determination of two equal ordinates of the same sign having an interval 
of T. These ordinates are proportional to the gradients in the two direc- 
tions. Curvatures may he calculated from two pairs of equal but opposite 
ordinates of the interval r. The total period of observation was intended 
to he 2 hours with a 40 minute wait period to allow the beams to come to 
rest. Extensive experimentation with this balance did not show any 
superiority over the standard instrument. 

5. Vertical gradiometers and similar iusirtiments. The opinion has been 
expressed in the literature that a determination of the vertical gradient 
of gravity would be very desirable for a more complete interpretation of 
gravitational data. However, the geologic importance of the vertical 
gravity gradient has possibly been overstressed since for two-dimensional 
geologic bodies it may be readily determined from the corrected curvature 
values. Be that as it may, several attempts have been made to determine 
the vertical gravity gradient directly. These date back to 1880 and were 
continued in subsequent years in connection with measurements of the 
gravitational constant and of the mean density of the earth. Assume that 
in a sensitive balance the pans are replaced by a weight fixed to one end 
of the beam and by an equal weight suspended at a lower level on the 
other end (Fig, 7-64). Compared with the weight positions in the same 
level, the beam is unbalanced because of the increase in weight of the 
suspended mass. If the addition of a weight, Am, is required to rebalance 
the beam, if the masses are m, and their difference in elevation is h, 
(m +- Am)g = 7n(g 4* dg/dz-h)y and therefore 

( 7 ^ 58 .) 

^ dz 

In this manner Jolly found that with 5 kg (meroury) weights at a differ- 
ence of elevation of 21 m, an addition of 31.69 mg was necessary to re- 
balance the beam, which gave 3.01 X lO"® for dg/dz. 

The normal value of the vertical gravity gradient may be obtained 
(1) from Clairant’s theorem; (2) from the curvature of the reference 
ellipsoid. Since in Clairaut’s theorem, gravity is expressed as a function 
of the earth’s radius, the vertical gravity gradient may be olrtaincd by 
differentiation with respect to the radiu.s, so that®‘ 


See also F. R. Helmert, Higher Geodesy, Part 2, pp. 94-08, and formulas (7-36o) 
and (7-36??). 
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~ = 3.086 (1 + 7.1.10 ^.cos2vj) microgals • cm (7-586) 

'The second method®^ tises Laplace’s equation (7-5) and the curvatures of 
the reference ellipsoid in the meridian and the prime vertical, which are 
given by 

1 = _1 and - = 

Px g dx- py g dy^ ’ 

so that 

where 2cJ = 10.52 E.U. For g, and pj,, their Tallies as function of 
latitude must he used (see Fig. 7-736). The vertical gravity gradients 
calculated from eq. (7-58c) agree with those obtained from (7-586) to a 
tenth Eotvas. 

Forty years after Jolly's experiments, Berroth^^ proposed to use a 
standard torsion balance for the measurement of vertical gravity gradients 
by suspending it on nearly horiizontal wires. Deflections were to be 
measured in different azimuths and at different starting angles of the beam 
against the horizontal. Another design proposed by Schmerwitz^^ aims 
to increase the sensitivity of a regular balance by the addition of a hori- 
cental pendulum, that is, by astatizatioa (see page 127). A horizontal 
pendulum oscillating about a vertical axis is in labile equilibrium, but 
when it is tilted forward liy an angle it will assume a definite rest posi- 
tion. If the axis of revolution is then tilted sideways by the angle 9, 
a deflection = 6/(p from the rest position results. When a horizontal 
pendulum is placed on a balance, as in Fig. 7-64, the deflection 9 is due 
to an increase in weight of the suspended mass. The deflection throws 
additional weight over to the right, the moment being m'V sin yp. For 
an ordinary balance with (equal) lever arms!/, beam mass ilfo ; and vertical 
distance of center of gravity from the axis of rotation rf, the sensitivity 
= L/Mod. With the horizontal pendulum. 


"" Mod<p-nin'' 

With a horizontal pendulum balance (V = 14: cm, = 100 mg, sus- 
pended by two 17p wires [Zoellner suspension] at an angle of about 2°), 
a sensitivity of 10"^ mg per mm scale deflection could be obtained at a 

R. V. Eotvos, op. cit., p. 362. 

A. Berroth, Zeit. Instr., 40 , 210-211 (1920). 

G. Schmerwitz, Zeit. Geophys., 7(1/2), 104 (1931). 
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scale distance of 2.5 m. Accuracy of 1 EOtvos (1/3000 part of the normal 
gradient) would require that the apparent change in weight be determined 
to 1 ‘ lO”^ mg. In that case it would be necessary to observe the vertical 
gradient in different azimuths, since gravity varies not only in vertical 


li 




Fig. 7-64. Schnierwitz balance for dctcnuination of vertical j>;r!ivibv j.'jradionta. 

but also in horizontal direction. Tlius, the a(*ti()ii of all three gravity 
components on the beam is given by 

f dm[(gx cos a + gy sin a) * 2 : +■ g^{x cos a y sin a)]. 


C. Instrument T’vpes, Instrument Constants 

1. Types. Although numerous types of torsion balances have been 
proposed and designed, comparatively few have attained commercial sig- 
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ilificance. A detailed description with instrument constants has been 
given by Jung.*® In 1888 and 1890, respectively, Eotvos constructed the 
first curvature and combined curvature and gradient variometers for 
laboratory use. In 1898 he followed this with a combined dngle beam 
field instrument. Its dimensions and constants were (in round figures) ; 
m (single beam mass) = 30 g, h (distance of weights) = 60 cm, I (| beam 
length) = 20 cm, K (moment of inertia) = 21,000, r (torsional coefficient 
of suspension wire) = 0.5, d (thiclcness of wire) = 40ju, L (length of wire) == 
56 cm. These dimensions have been maintained by all designers of large 
visual and automatic torsion balances. 



a.7-6B, From left to right: small Suess balance, large Suess balance, small Asba^nia 

bal ance. 


The single balance was replaced in 1902 by a double variometer (see 
Fig. 7-65) with visual observation. Mast large instruments developed 
after tliat, sucli as the Fechnor, Oertling, and Askania (see Fig. 7-66) 
balances, used pliotographic recording devices and automatic azimuth 
rotation. Repeated attempts were made to reduce the dimensions of the 
large torsion balance. Eotvos himself went to tlie extreme with an in- 
strument ill which m = 1 .4 g, /i = 20, Z = 5, K only 90, and t = 0.0046; 
but this iiistruinent was a failure. Similar in dimensions was the Tsuboi 

Jung, Handb. Exper. Phys., 26(2) , 103-1 (1930). 
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Fia. 7-66. Large Askania photographic 
recording torsion balance. 


quartz balance 'w'ith. m = 0.25, 
= 20, Z = 10, Jr = 66, d = Spc, 
and L ~ 20. It was soon found 
that a geologicall 7 useful torsion 
balance cannot be decreased in 
dimensions beyond certain limits. 
For instance, the Eotvos-Sness 
small visual balance (Fig. 7-65) 
has the dimensions m = S,h - 30, 
Z == 10, d = 20ju, L = 40 cm. 
Very effective in the reduction of 
overall dimensions was Schwey- 
dar’s invention of the Z beam 
(Fig. 7-67). This balance has 
the following dimensions: m = 22, 
Zi = 45, Z = 20, d == 26-36ju, 
i = 28 cm, K = 19,500, 
r = 0.23-0.47. Other small bal- 
ances in which a further reduc- 
tion in dimensions has been at- 


tempted (Gepege, HafP, Hecker, Rybar) have not 
been very successful. 

The Z beam has recently been superseded by the 
tilt beam (Fig. 7-68),^® with the following con- 
stants: ?n == 40 g^h = 30 cm, Z = 10 cm, K == 9150, 


33 


~43ix, J 


dmhl = 13,800. Torsion balances 


completely deviating in dimensions from those 
mentioned are: the Tangl balance (curvature vari- 
ometer floated in water), Nikiforov\s short-wir(‘ 
balance (r = 16, L = 2 cm), and the gravity 
gradiometer previously discussed. 

2. Constants, The instrument constants m, A, 

Z, f, L are readily determined before assembly in 
the factory by measurement of lengths and 
weights; they are not subject to change, are 
usually given in the calibration certificate, and 
require no recalibration. More involved are the 
determinations of K and r. In an assembled instrument, K/r may be 
obtained from oscillations and t from deflections. More convenient is 
the independent determination of these constants before assembly. 



(j. 7437. Z-b('ain 

..slvjiiiia bal.‘in(*<‘. 


H. Imhof and A. Graf, Beitr. angew. Geophys., 4(4), 426-436 (1934); Rev. 
Sci. Instr., 6(10), 356-358 (1934). 
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The ratio iT/r follows di- 
rectlv from the (und amped) 
period T = 2t ^y/ K /tj which 
mav he determined to a high 
degree of accuracy (1/100 of a 
second) by using a coincidence 
method. Since in most base- 
ment laboratories the gravity 
field is disturbed by adjacent 
walls and excavations, it is 
necessary to make period ob- 
servations in two directions at 
right angles to each other 
(ai, and 012 = Oil 90*") to 
eliminate such effects. Then 
the equations for two periods 
are 

(1) = ^ - ‘ios 2ai - 2KU^ sin 2ai) 

1 

(2) = 7- - (-KUi, cos 2^2 + 2KU:^ sin 2ai). 



Fig. 7-68. Balance beam of tilt-beam balance. 


(7~59a) 


Addition of the two equations gives 

X 


rii^ 


m 


2tXTI + Tl) 


(7-696) 


By observing the deflection of the beam due to a known mass at a 
known distance, t can be determined independently from the equation 


T<p = 


mMk 


Cl, 


(7 -59c) 


whcire <p is the deflection angle; C is a constant (C = 


4/ 1 + 




with 


Im = length of cylindrical mass m); p = the distance between center of 
gravity of m and M ; and k = gravitational constant. Since p is difficult 
to measure, the mass M is used on a swivel and rotated from one side of 
tdie weight to the other. For equal deflections 011 both sides, the radius 
ot the swivel arm is equal to p and 


mMkl 


r 


2f 

/2 n — no‘ 


(7-59d) 
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The more common practice is now to determine both K and r before the 
iaatrument is assembled. K is obtained by oscillating the beam on a 
calibrated wire with known r. Por this purpose an oscillation box is 
made, usually of wood, provided with extensions for the lower (and upper) 
parts of the beam and of sufficient capacity to keep air damping down. 
Observations are corrected for (wire) temperatures and amplitude of 
oscillations. Where large gravity anomalies exist, observations are made 
in two positions of the box. Wires are very thoroughly tested. The 
following characteristics are of practical importance: (1) torsional coeffi- 
cient, (2) carrying capacity, (3) temperature coefficient, and (4) elastic 
hysteresis. The carrying capacity of a wire varies with the square of the 
diameter, while the torsional coefficient varies as the fourth power of the 
radius and inversely as the length: 

- = C7-60.) 

where r = radius, I = length, and ii = modulus of rigidity. Tor other 
wire sections (ribbons, and the like) the torsional coefficient is given by 
the relation 

r = ^, (7-606) 


where S = section, C a constant, and Jp the polar moment of inertia. 

For a rectangular section, Jp = (ah^ + beJ) /12, where a and h are the 
sides of the rectangle. For ratios of a/b = 1, 2, 3, 4, and so on, the con- 
stant C takes the values 234 X 10“'^ (for a/b = 1), 238, 249, and 
260 X 10”^. For thin ribbons in which the one dimension is less than 
one-third the other, the torsional coefficient is closely enough 


" * I-'*' 


1 - 0.63- 

a 


(7 60c) 


in which the last term may be generally neglected. Ribbons have tlic 
advantage that for a given carrying capacity the tonsirnial coefficnent is 
less, but they are more difficult to obtain. In practice; Umsiorial coeffi- 
cients of torsion balance wires arc determined from oscillation ob.servatioiis 
with calibrated weights. Tor this purpose a .specially built iii.strnmc;at is 
used, consisting essentially of an upright tube with torsion head above and 
observation windov below, and provided with a heating coil and ther- 
mometer. 

After a wire has been cut to length, provided with its clamp.s, and heat- 
treated, it is placed in the instrument with a mass of calibrated moment of 
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inertia K, The period is determined by reading the time required for ten 
complete swings and repeating fiye to six times. This gives an accuracy 
in T of better than 1/100 of a second and a torsional coefficient t = 
The moment of inertia, K, is determined by calibration with 
a ring of calculated moment of inertia. If the mass of the ring is m, 
its outer radius £, and its inner radius r, its moment of inertia is Kr = 
^ — r^). If Ti is the period without the ring and Tz with the ring, 

Tl = (jr + Kn) 

T 

and 

Tl = —.K, 

T 

from which 

The torsion coefficient changes with temperature, 0 : 

re - r2o[l + @(0: - 20")], (7-60e) 

in which the temperature coefficient, g, of the torsional coefficient follows 
from period observations at different temperatures. In the field the 
variation of r with temperature is disregarded, but in selecting torsion 
wires in the factory, wires with excessive temperature coefficients of r 
are discarded. Equally undesirable are wires of excessive variation of the 
rest position, n, with temperature. If the reading is % at a tempera- 
ture Gi, and 112 at a temperature 02, the variation of n with 0 is defined by 
Ui = ni — a (02 — 61). The temperature coefficient a of a good wire 
should not exceed 3-5 • 10~^ mm per degree C (referred to the same optical 
magnification as used in the field instrument). The temperature coeffi- 
cient of a wire depends largely on the method of clamping and heat 
treatment Platinum wires are heat treated electrically under load; 
tungsten wires are annealed in an atmosphere devoid of oxygen. Fig. 7-G9 
illustrates the improvement brought about in a wire by heat treatment. 
Curve A is the zero shift of an untreated wire, curve B that of a wire 
tempered under load fifty times a day. 

It sliould be noted that in a test instrument the change of the zero 
position with temperature is generally not the same as in a torsion balance 

Concerning the effect of annealing and baking on temperature coefficient, see 
N. N. Zirbel, Physics, 2(3), 134-138 (March, 1932). 
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Tig. 7-69. Change of rest position 
of torsion wires with treatment (after 
Shaw and Lancaster- Jones). 


new coefficients are: 


since beam deflections are produced by 
convection currents in the narrow in- 
terior compartment. It has been 
found^® that this effect can be nearly 
eliminated by determining an optimum 
transverse position of the beam in the 
interior compartment. 

When a wire breaks in the field and 
a new wire is inserted, the coefficients 
0, p, q, and r, as well as s and t, are 
changed (see formula [7-52/]). If 
is the torsion coefficient of a broken 
wire in balance I, r'l the t.c. of a 
broken wire in balance II, t 2 the t.c. 
of a new wire in balance I, and rs the 
t.c. of a new wire in balance II, the 


r-/»= 0 -d 

TI L 

u,. = p i r 

Tl L 

lU = -q - ■ r 
Tl L 

= -r 

Tl L 




/ Jf 

As) ~ S (As 

T2'ri 


(A2 *+ A3) — S (As 4 “ A 

72 7*1 


a!/) 


;-)] 


72 Tl 


(a 2' + A.o + t^i4!(A;^ + A.;^) 

72 71 J 


(7^61) 


and similarly for other beam positions. The replacement of a torsion 
wire nuist be done with great care to avoid kinking or over-st raining the 
wire. Directions given by the manufacturers should be closely followed.^'^ 
3. The sensitivity of a torsion balance is a function of its geomcetric dimen- 
sions, of the torsional coefficient of the suspension wii-o, and of the optical 
magnification. According to eq. (7-51a), the angular dcdlection inci-eases 
in the proportion K/r for curvatures and in the purport ion m/iZ/r for 
gradients. The optical magnification is given by 2(Ji^ for singhi and 
if/v for double reflection, wiicrc f is focal length and v sruile interval. 
Since the latter is generally so chosen that 1 /IQ division may still be 


C. A. Eeiland, Directions Jor the Askania Torsion Balance, American Ashaaia 
Corporation (Houston and Chicago, 1933). H. Imhof and A. Graf, loc. cit. A. 
Schleusener, Zeit. Geophys., 9(6/8), 301. 

For a description of steps necessary to readjust the beam after insertion of a 
new wire, see Directions for the Askania Torsion Balance, op. cii. 
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read conveniently, the sensitivity for curvatures is proportional ^iKJvr 
and for gradients 20fmhllvT, where for double reflection the factor 40 
takes the place of 20. The reciprocal of the sensitivity is the “scale 
value” of the instrument, 

2(Xmkl fe‘’^dients) and («^rvatures) (7-62) 

where 40f instead of 20f is used for double reflection. 

4. Calculation of mstmment readings of a standard torsion balance 
proceeds in accordance with formulas (7-526) to (7-546). A number of 
positions are generally repeated. Deflections are averaged in such a 
manner that the variation of the torsionless position with time is elimi- 
nated. In visual torsion balances, beam readings are entered against 


* • 


• • Lasi 
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• rt' 



• /?; — - 
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Tern 


Kig. 7-70- I^valuation of torsion-balance record (large -Askania balance). 

azimuth, time, and temperature (see Fig. 7-71). Calculation is the same 
as in photographic balances. Fig. 7-7D illustrates a record taken with a 
recording balance. On the left is the fixed mirror record, then follows 
the record of the second balance, first balance, and temperature. For 
eyaliiation, a graduated scale is placed over the record and its 0-lino 
aligned with the fixed-point line. Deflections for positions occupied are 
read for beams II and I, giving ni^ 712 , Uz, ni, 712 , and nl, and so on, in 
scale divisions. These are entered for three positions in Table 23. The 
temperature record is not evaluated. The torsioiiless position is calcu- 
lated by averaging successive readings in the following manner: 

1 . no = ^1 + ^2 + nz) L no == i( 7 ^l 4-^2 •+ riz ) 

2. no' = 2. n'l) 

3. no' = 4 - + ^ 2 ) etc. 3. = i(nz -f n'l etc. 
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By" this procedure a linear change of the zero position with time is 
eliminated. After that the differences ni — ^o, ^2 — no, Uz — tiq and 
ni — no j n2^ — no, nz — no (or Ai, Ag, A3, ana Ai, A2, and Ag) are 


Table 23 


CALCULATION OF THREE-POSITION TORSION BALANCE RECORD 

STATIOIsf No. 10 


Location: Tort Bend County, Date: July 10, 1935 
Texas Obseeveb; J. A, S. 

<p = 29° 1st Reading: 9 h., 55 min. 

Notes: Instr. set due north 


Balancb I 

Balance II 

No. 

n' 

K 


A*' 

a; 

No. 

n '* 


a;' 

K 

K 

1 

84.5 





1 

54.2 





2 

87.6 

87.0 


+0.6 

, . . 

2 

52.1 

52.1 


0 


3 

89.0 

87.4 


. . . 

+1.6 

3 

50.0 

51.9 



-1.9 

1 

85.5 

87.6 

-2.1 


. . . 

1 

53.7 

51.8 

+1 .9 



2 

88.4 

87.9 


-fO.5 


a 

51.6 

51.7 


-0-1 


3 

89.8 

88.1 


. . • 

41.7 

3 

49.7 

51.6 



-1.9 

1 

86.0 

88.2 

-2.2 



1 

53.5 

51.5 

+2.0 



2 

88.7 

88.3 


+0.4 


2 

51.4 

51 .4 


0 


3 

90.2 





3 

49.4 





1 






1 






2 






2 






3 






3 






1 






1 

i ... 





2 






2 






3 






3 




... 


Mean A' 

-2.2 

+0.5 

41.7 

Mean X " 

42.0 

-0.1 

-1.9 


2-0 


A, - A, = -1.2 

// // 

- A, = +1.8 


Difference 

Xo 

- Ih. 

-3.0 

+ 1.45 

-4.4 

Sum 

Xq, 

= U, 

+0.6 

-4.17 

-2.5 


+ = + 2 .2 

/ , // 

+ - - 2.0 


Difference 

\ 


+4.2 

2.51 

+ J().5 

Sum 

Xr 


+0.2 

' -7.21 

-1-4 


calculated and averaged. Their sum should equal zero. For three posi- 
tions the differences A2 ~ A3 and A2' - A^, and the sums A2 +■ A3 and 
A2 + A3 are then calculated. Their sums and differences are multiplied 
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by factors o, p, q, and r, which gives gradients and curvatures, assuming 
that the factors s aad t are equal to 1. When there are rapid changes of 
zero position with time, deflections are calculated by leaving out one in 
each set of deflections, 


— A 2 


Ai — A3 
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Fig. 7-71. Evaluation of torsion-balance readings (small Suess balance). 


and completing the vacant spaces from 

( — ) + As 4* ^3 =0 

Ai + ( — ) + A3 =0 
Ai + As + ( — ) == 0. 

Several short cuts to calculations of torsion-balance quantities from 
records and readings have been suggested. One method uses nomo- 
graphs^° and another'*'^ employs charts for calculating gradients and 
curvatures from the differences A 2 — A 3 and the sums As + A 3 . Fig. 1-72 
shows such charts calculated for a balance with the coefficients o == 1.59, 
p = 2.75, q = 2.93 and r/2 = 2.56. Chart I is for Uxz and Chart II 

A. Stepanoff and W. Ayvazoglou, U.S. Bux. Mines 1. C., 6306 (July, 1930). 

SI M. M. Slotnick, Physics, 2(5), 131-133 (March, 1932). 
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fox Vyz and Assume, as in the example given on the form, that 

As = -- 1 . 9 , Ag' = -0.1, As = 1.7, and Ag = 0.5. Then As - aI' == 
— 1 . 8 j As d” A 2 “ — 2 , 0 , A 3 — A 2 = 1.2 and A 3 ^ A 2 = 2 . 2 . Using 
Chart I, locate —1.8 on the left side of the As^ — A 2 ^ axis, go IST to + 1.2 
on the As — A 2 axis, thence NE to the inteisectioii with \J to find -4,8. 
Going SE, —1.7 is obtained on the TJ h. axis. On Chart II, locate —2.0 



on the left side of the As + A 2 ^ axis, go N to 2.2 on the A 3 + A 2 axis, 
thence SW to +11,8 for \]>^z and SE to —0.5 for V 
In connection with the form shown in Table 23, a second form is used 
for the terrain correction, which contains also additicnial colinnns for 
far terrain, planetary correction, and calculation of final results (see 
Table 32). 

The following example is an illustration of calculations made for a 
station with very large gradients and curvature values, on which records 
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in three, four, and five positions were taken. The formulas used in the 
calculation of the three-position record were 

[/*, = 1.26[(A2' - - (A^' - a '/) + 0.01044(a;' - A^)] 

= 2.18[(A2 -f A 3 ) - (As 4 a'sO 4 0.01044(A2 4 a's')] 

Va = -3.60[(A^ - As') 4 (a's 4 A'a') - 0.01233(A2 - A^)] 

2U^ = -6.24[(A2 4 As) 4 (As 4 a'/) - 0.01233(A2 4 a'/)], 

where o = 1.26, p = 2.18, <1 = 3.60, andr = 6.24, 0.01044 = 1 — s, and 
0.01233 = 1 — t. These formulas are derived from the standard formulas 



(7--52/i), which may bo written U^z = o(Ai — sAs) = o(Ai — A2 +- Aa — sAs), 
and so on, so that 


I’rz = o[(A 2 — A:J) — (Aj — As) 4 (1 “ slfAj — As 
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In the example (Table 24) , — A3)(l ~ s) is designated as (Ag 

A 3 )-(l — t) as Ca, and so on. 


Table 24 


CALCULATION OF THREE-POSITION TORSION-BALANCE RECORD 
(LARGE DEFLECTIONS) 


Balance I 

Balances II 

No . 

n.' 




A.' 

No. 

7 l " 


a;' 


4; 

1 

141.7 





1 

81.5 





2 

90.0 

116.8 


-26.8 


2 

34.5 

53.6 


-19.1 


3 

118.7 

117.0 



+1.7 

3 

44.9 

53.7 



-8.8 

1 

142.2 

117.0 

+25.2 



1 

81.7 

53.7 

+28.0 


2 

90.0 

116.8 


-26.8 


2 

34.6 

53.8 


-19,2 


3 

118.2 

116,1 



+2.1 

3 

45.0 

53.7 



-8.7 

1 

140.0 

115.8 

+24.2 



1 

81.6 

53.9 

+27.7 


2 

89.2 

115.8 


-26.6 


2 

35.2 

54.0 


-18.8 


3 

117.5 

115.5 



+2.0 

3 

45.2 

54.0 



-8.8 

1 

139.8 

115.5 

+24.3 



1 

81.5 

54.0 

+27. 5 


2 

89.5 

115.8 


-26.3 

- . . 

2 

35.2 

54.0 


-18.8 


3 

118.0 





3 

45.3 





1 






1 






2 






2 






3 






3 






Mean A' 

+24.6 

-26.6 

+1.9 

Mean A" 

+27.7 

-19.0 

00 

00 

1 






^ = -0.1 



2 

: = -0.1 

/ 

A, 

r 

28.5 



+ 

il 

) 

•24.7 



it 

A, - i 

n 

1, = - 

10.2 

(1- 

s) = C,, 

tr it 

A„ + A = - 

-27.8 

(1 - 

s) = Cj/j 

2 

3 

lx 

:-(i - 

0 = c^ 

2 * “^3 

IX' 

-(1 - 

t) = c., 

Dif. 


Res. 

Xo 

= c/,. 

Diff. ' - 

' Res. ' 

Xp 

1 

-18.3 

-0.1 

-18.4 

1.26 

-23.2 

+3.1 -0.3 

+2.8 

2.18 

+6.1 

Sam 

Ca 

Res. 

Xq 

- C/a 

Sum 

Rob. 

Xr 

2U,y 

-38.7 

+0.1 

-38.6 

-3.60 

+139.0 

-52.5 +0.3 

-52.2 

6.24 

+325.7 

In the calculation 

of the 

four-position recoi’d in Ti 

ihle 2 G, 

the niiiuerical 


values in Table 25 were used. 


Table 25 


Beam 

b 

1.414b 

^ 1.414 b 

1.414 b' 

I 

0.2289-109 

0,2318-109 

0.3237-109 

0,3278-10' 

3.089 


n 

3.051 
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Table 26 


CALCULATION OF TOUR-POSITION TORSION-BALANCE RECOHD 
(FROM LARGE DEFLECTIONS) 


Beam II 

Beam I 

No. 


no 



A, 

K 

No. 

n' 



Aj 

Aj 

4.; 

1 

62.5 






1 

99.5 






2 

50.2 

52.9 


-2.7 



2 

92.1 

99.9 


-7.8 



3 

54.0 

53.3 



40.7 


3 

110.2 

100.2 



410.0 


4 

45.5 

53.3 




-7.8 

4 

97.6 

100.3 




-2.7 

1 

63.6 

53.0 

410.6 




1 

101.0 

100.3 

40.7 




2 

50.0 

52.9 


-2.9 



2 

92.5 

100.2 


-7.7 



3 

53.0 

52.7 



40.3 


3 

110.1 

99.9 



410.2 


4 

44.8 

52.6 




-7.8 

4 

97.1 

99.8 




-2.7 

1 

62.9 

52.5 

+10.4 




1 

100.0 

99.8 

40.2 


! 


2 j 

49.6 

52.4 


-2.8 



2 

92.1 

99.9 


( 

00 



3 

52.6 

52.5 



40.1 


3 

110.1 

100.2 



49. 9 


4 

44.5 

52.5 




-8.0 

4 

^ 97.3 

100.5 




-3.2 

1 

63.2 

52.6 

410.6 




1 

101.5 

100.8 

+0.7 




2 

49.8 

52.6 


-2.8 



2 

93.1 

100.8 


-7.7 



3 

53.1 






3 

111.2 






4 

44,4 






4 

97.5 







L = 

40.2 

410.5 

-2.8 

40.4 

-7.9 


2: = 

= -0.1 

40.5 

1 

bo 

410.0 

-2.8 


Ai A 2 — T.Sdi = —22.5 or —(As -j- A 4 ) = —7.2m = —22.2 


A 2 As == “f’ 2 . 2 in. == - 1 - 6.8 or — (Ai -j- A 4 ) == -{-2.3in — 4"7-l 


= -(Af -h A?) = -7.7m' = -23.5 or = A? -f A? = -7.5m' = -22.9 
= -(Ar -f Af) = 42.4m" = -1-7.3 or Af -h A? - 42. 6 m' = 47.9 


For five positions, calculations from deflections A with respect to the 
torsionless position, and from the readings n are possible. Both calcula- 
tions are given in Tables 27 to 30. The following formulas were used for 
the calculations from deflections: 

Balance I: 


If.. = 

-1.03 

(a: 

— 

A^) 

- 1.66 

(As 

- A^) 

Uy. = 

+3.16. 

,(A4 

+ 

A 3 ) 

+ 1.21 

(A 3 

+ A^) 

(/a = 

+4.73 

(a: 

— 

aO 

- 2.93 

(a; 

- As) 

2U^ = 

-3.44 

(a: 

+ 

aO 

- 9.02 

(a; 

+ A 2 ) 

If.. = 

+ 1.01 


— 

aD 

+ 1.64 

(Aa 

- aD 

u^. = 

-3.12 

(A'/ 

+ 

a'/) 

- 1.19 

(As 

+ aD 

t/A = 

+4.69 

(A4 

— 

a") 

- 2.90 

(A5 

- A^') 


-3.40 


+ 

a;') 

- 8.93 

(A2 

+ A'/) 


Balance II: 
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Table 27 

CALCULATION OF PIVE-POSITIOIS! TORSION-BALANCE RECORD 

(FROM A's) 

Pabt I 


Tl' 

Tia 

a; 

Aj 

A,' 



n' 

no 

a; ^ 

A.; 


a; 

a; 

82 2 






i 

124.0 







44 2 




1 



79.2 







53.2 

53 6 



- 0.4 



95.2 

99.3 



- 4.1 



66 9 

53.4 




+ 13.5 


121.2 

99.0 




+ 22.2 


21 5 

53.5 




- 32.0 

76.7 

98.9 





-22 2 















81 2 

53 5 

1 + 27 . 7 ' 





122.5 

98.8 

+ 23.8 





44-6 

53.5 

- 8.9 




79.0 

98.6 


- 19.6 




53.5 

53.3 



+ 0.2 



94.3 

98.6 



CO 

+ 



66.61 

53.4 



+ 13.2 


120.2 

98.7 




- f - 21.5 


20.9 

53.3 




- 32.4 

76.7 

98.7 





- 22.0 












81.2 

53.1 

+ 28.1 





123.5 

98.8 

+ 24.7 





44.1 

53.1 

- 9.0 

1 

. ... 


79.0 

99.2 


- 20.2 




52.7 

52.9 



- 0.2 



94.5 

99.1 



- 4.6 



66.5 







122.1 







19.8 







76.5 




■ ' 

















S = 

- 0 

+ 27.9 

- 9.0 

- 0.1 

+ 13.4 

- 32.2 

2 = - 

- 0.2 

+ 24.3 

- 19.9 

- 4.3 

+ 21.8 

- 22.1 


Beam II : Beam I : 

AS + A'{ = -+-13.3 Af H- A^ = -41.2 a 5 -f- aJ - -fl7.5 4 

AS - A'{ - -f 13.5 Af - AS = -23.2 aJ - Aj = +25.1 As - -2.2 


Table 28 shows the calculation of gradients and curvature values for 
each beam from the sums and differences in Table 27^ in accordance with 
the formulas given on page 184. The same numerical coefficients applf 
to the calculation of gradients and curvatures from the n's as from the 
A\s. The calculation is shown in Tables 29 and 30. Table 31 contains a 
summary of results obtained for l)oth beams combined or individually in 
three, four, and five positions. 

5. Operation of torsion balances. First, an observation site that is fiat, 
at least in the immediate vicinity, should be selected. Next, the differences 
of elevations on concentric rings are measured at eight or sixteen points, as 
described in the next section. Three wooden stakes are driven into the 
ground, and their tops are leveled and placed at an elevation such that the 
center of gravity of the beam is at a height for which the terrain correction 
has been calculated. A base plate is so laid on the wooden stakes that its 
north groove points north, and the differences in elevation for the inside 
terrain circles against it are determined. It is advantageous to set out a 
stake about ten feet north of the station site to facilitate orientation of the 
base plate, house, and instrument. After the hut is erected, the instrument 
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pedestal is placed in position on the aluminum base plate. This is followed 
by the center piece, which in the automatic instruments is provided with 
stops for three, four, and five positions and which must be set according to 
the azimuths selected. The upper part of the instrument containing the 
beams is secured in place, and tubes for the hanging weights are attached 
where necessary. 

After the instrument has been assembled, it is carefully leveled. In 
automatic balances the driving clockwork is wound and engaged andthe 
upper part allowed to rotate until it reaches the first stop. The compass 

Table 29 

CALCULATION' OF FIVE-POSITION TOESI ON-BALANCE EECORD 

(PEOM n^s) 


Pakt 1 


B12AM II 

Bea&x I 

1 

82.2 





124.0 





2 



44.2 






79.2 




3 



53.2 






95.2 



4 




66.9 

.... 




121.2 


5 





21.5 





76.7 

1 

81.2 





122.6 





2 

.... 

44.6 





79.0 




3 

.... 


53.5 





94.3 



4 




66,6 





120.2 


5 • 





20.9 





76.7 

1 

81.2 





123.5 





2 


44.1 





79.0 




3 



52.7 





94^5 



4 




66^5 





122.1 


5 





19.8 





76.5 


81.5 

44.3 

53.1 

66.7 

20.7 

123.4 

79.1 , 

94.7 

121.2 

76.6 


Hi' 


ns" 


ns" 

nf 


ni 

W 4 ' 

nf 


needle is then released andthe upper part, together with the tiirntal)lG, is 
turned clockwise until the side of the balance case is in the astronomic 
meridian. After the beams have been released, a visual instniincmt is 
ready for observations in the first and all other azimuths at about 50 - 
minute intervals. In an automatic instrument a plate must be inserted, 
the recording clock wound, and a trial run made before the instruincnt 
can be left to itself. Further details are given in the author’s torsion- 
balance manual, 


direciions for the Askania Torsion Balance, 
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Table 31 


Positions 

Beam 

Ua, 

Uyz 



3 

I 11 

-23.2 

6.1 

139.0 

325.7 

5 

5 

^ jD from A’s. i 

-23.2 

-24.4 

4.5 

7.5 

129.9 

330.6 

318.6 

322.7 

5 

5 

jj> from 

-23.0 

-25.0 

5.8 

8.6 

132.9 

132.2 

319.6 

325.3 

4 

I 

-22.5 

6.8 


i 



-22.2 

7.1 



4 

ri 

-23.5 

7.3 





-22.9 

7.9 




D. COBBECTIONS 


After torsion-balance readings have been calculated in the form of 
gradients and curvature values as shown in the preceding section^ a number 
of corrections must be applied. These may be divided into corrections 
required for every station and corrections required only in special cases. 
In the first group fall (1) the planetary correction, and (2) the terrain 
correction; in the second are (3) corrections for regional effects, (4) cor- 
rections for coast effect, and (5) corrections for fixed masses other than 
terrain, underground openings, and so forth. 

1. Planetary corrections. As in measurements of relative gravity with 
the pendulum or gravimeter, the normal or planetary variation of gravity 
must be considered in both gradients and curvature values. It is here 
again sufficient to consider the earth as an ellipsoid of rovolutiori with a 
major (equatorial) axis and a minor (polar) axis. 

The planetary variation in the gradient may be obtained by differentia- 
tion of formula (7-15b), disregarding the longitude term so that the plan- 
etary gradient is 




_ di7 _ dg 

Pxd<p Rdp^ 


(7 63) 


where f>:c is the radius of cuiwatiiro of the ineridioiual (dlipsc, which in this 
case is sufficiently close to the earth’s radius so that afhir substii iition of 
the numerical values from eq. (7-15b) 


(U'xz)ixorm. = 8.1G • 10 siu (7 -(i4) 

The variation of gravity and gravity gradient with latitudti is shown in 
Fig. 7-73a. It is seen that the north gradient is zero at tlu' (aiuatcjr and 
the poles, is always directed toward the north or south pole, and has a 
maximum at 45° latitude. Under the conditions assuoKid (two-axial 
ellipsoid of revolution), there is no variation of gravity along the parallels 
of latitude, and hence no correction need be applied for plan eta, ry variation 
to the observed values of U^z. If the instrument is oriented into the 
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magnetic meridian, a correction would, of course, be necessary. However, 
this can be avoided by allowing for the declination, and setting it in the 
direction of the astronomic meridian. 

For calculating the planetary effect on curvature values, formula (7-482) 
may be used, which relates the curvature U^to the two principal radii of 
curvature of the equipotential surface. The normal surface is assunaed to 
be that of a two-axial ellipsoid of rotation, in which case the planes con- 



Fio. 7-7?>a. Planetary variation of gravity, gradients, and curvature values. 


taining the principal radii of curvature are in the astronomic meridian 

fi r 

and the prime vcirtical, so that X = 0. Hence (U/\)noTm, = I 

\Py Px 

where px and py are the principal radii of curvature. For the meridian 
ellipse the radius of curvature®^ in the latitude cp, is given by 

2 2 

_ d c 

[oP cos“ p -h 


Jung, Handb. Exper. Phys., 26(3), 150 (1930). 
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with a as equatorial and c as polar radius, while the radius in the prime 
vertical is 


Pv = 


cos^ ^ sin^ 9? 


3oufh9rn tfmisphere Norihtm hemsphre 



Fig. 7-73/;. Planetary variation of curvature radii of ndorcuiee eilipnoid in nieridinn 

and prime vertical I. 

The variation of those radii with latitude is shown in 7 Th(,'re- 

fore, with sufficient approximation 


where the second factor is approximately twice tlui flattenirifr, or 
2 -(a — c)/a (see eq. T-Ha). By siihstitutioii of the numerical value for 
tho equatorial radius, 

f/A)uorn,. = 5.15-10~^(1 -f QOS . (7-65) 
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The planetary variation of the curvature value is shown in Fig. 7-7Za, 
is zero, since X was assumed to be zero. The maximum value of 
(l7A)aorm occurs at the equator; it is zero at both poles. 

2. Terrain corrections. Since the torsion balance is a very sensitive 
instrument for the detection of certain types of subsurface mass irregulari- 
ties, it is readily understood why it also reacts very perceptibly to the 
visible, that is, topographic masses around it. As it measures variations in 
gravity components rather than gravity itself, it is seen that it must be 
more sensitive to terrain variations than is the pendulum or the gravi- 
meter. Finally, the variations of the horizontal gravity components 
(curvature values) are much more affected by terrain than are the varia- 
tions of the vertical components (gradients). 

In order to correct for terrain effects, it is necessary to know the shape of 
the topography surrounding the instrument. This is done for dose 
distances (np to about 200 or 300 feet) by leveling. For greater distances, 
existing contour maps may be used with sufficient accuracy. It is cus- 
tomary to refer to the correction for the short distances as terrain or topo- 
graphic correction and to the correction for the greater distances as carto- 
graphic correction. 

It is obviously impossible to survey in detail all the small terrain irregu- 
larities around the instrument. As will be shown below, any method of 
terrain correction can do no more than substitute a more or less idealized 
surface for the actual terrain surface. Hence, the field survey need not 
be carried beyond the limits of accuracy inherent to the mathematical 
representation of terrain effects. The principal requirement is that the 
calculation of the terrain effects be within the limits of error with which 
gradients and curvature values can be read on the instrument and inter- 
preted. Terrain effects arc therefore calculated in fiat country (oil explora- 
tion) with a probable error of several tenths to one E.U., while in hilly 
country (mining applications) the probable error is several to 5 or even 
10 E.U. In any event, there is no need for carrying the accuracy of terrain 
surveys to extremes, since most analytical terrain methods are based on 
the assumption of uniform densities. This assumption is not always 
correct for the surface layer, to say nothing of the effect of a denser medium 
beneath the weathered layer. 

Experience lias shown that it is generally sufficient to smooth out the 
ground immediately adjacent to the instrument (out to 1.5 m radius) as 
much as possible and to measure elevations in eight azimuths from the 
setup, along circles whose radii depend on terrain and correction method 
used. In most terrain methods the radii are fixed; and, in very unfavorable 
terrain, elevations are determined in sixteen instead of eight azimuths. 

Terrain correction procedures may be divided into (a) analytical, (b) 
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graphical, and (c) integraph methods. In the first, elevations measured 
in the field in predetermined azimuths and radii about the instrument are 
substituted in formulas with fixed coefficients for such azimuths and dis- 
tances. In the second method, evaluation diagrams, or “graticules,” are 
used which are superimposed upon a terrain contour map or upon terrain 
sections in predetermined azimuths. A count is made of the number of 
diagram "elements” which are included within adjacent contour lines, or 
between the terrain profile and a plane through the center of gravity of the 
balance beam. In the integraph methods, contour maps or terrain profiles 
are evaluated directly by specially constructed integraphs. 

Terrain correction methods are numerous, and only those differiag 
sufficiently in mathematical principles or procedure will be discussed. 



Fig. 7-74. Mass element in relation to center of gravity of torsion balanco. 

Their description will proceed in the order given above and will be con- 
cluded with a discussion of application and field practice. 

(a) Analytical methods. The fundamental principle iindiulyirig not 
only the analytical but all other terrain-correction methods is to divide 
the surrounding terrain into sectors bounded by angh^s and eonoentric 
circles and to sum up their effects. The action of each sector is calculated 
ill the analytical methods by assumingdefinite variations from oik^ azimuth 
to another and from one circle to another. Vithin two siiceihssivc circles 
all sectors have the same opening. (In the graphical methods tlie s(>ctors 
are all different and so calculated in respect to azimuth and distance that 
they exert the same effect on the instrument.) 

The action of each sector follows from the effect of a mass element dm 
(see -Fig. 7-74). Since its gravity potential at the distance r \s U = 
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{kdm)/r, the gradients and curvature values, or the second derivatives of 
the potential, are 

Ua =3kJ dm^ 


Uyz = 3fc 



(7-66) 


Assume that the center of gravity of the balance beam is at a distance f 
and the mass element at an elevation h above ground. Then by substitu- 
tion of r = + (f — hy and z' = ^ — h 


U: 


dm 


x(f - h) 


U, 


Ur 


■J 


3k / dm 


77 = 3k f dm 

Uyz M j am _ fe) 2 ] 5/2 

With polar coordinates x = p cos a and y = p sin a: 
p cos oc{i — h) 


-Shj 


dm 


Ep" + (f - 

xy 

[y + (f - 


Urz = 3k f 

Vy, = Zk f 


dm 


dm 


W + (r - 

p sin a;(f — h) 

wnr^WF 


-u, 


2Uz 


f 


Zk / dm 


p cos 2a 


-uf 


dm 


p^ sin. 2a 



For a sectorial mass element (Fig. 7-75), dp> pda- dh -5 (5 = density) 
bounded by tw^o concentric circles with the radii pn and pn-t-i and angles 


ttjn and drn-yif 


dm 


rPn-yi 

> I I dapdpdh, 

doc^ •/on *'0 


(7-67) 
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} (7-680) 


Extending the limits of iategratiott over the entire surrounding topog- 
raphy, 

= i i [p^+(r-^m 

O, . r r'" r P sin adadp dh(r - k) 

Uy.-6KdJ^ J„ A [p^+(f-W^ “^ 

rr r r tp^ 0 ^ 2 <xdccipdh 

i I [p. +■ :: A)f A 

or. _ors r r rp sm2«dadpdh 

In practice the integration of the effects of the concentric circles is not 
carried to infinity. The circles are calculated individually ; the calculation 
is stopped when a circle exerts an influence of less than 0.1 E.U.; and all 
circles are added. Within each circle the effect of the elevation is a 
function of azimuth, as shown further below. For the last integration 
the denominator in eq. (7~68a) is more conveniently written 


2^h 


H5/2 


For fairly gentle slopes not exceeding the last term is generally 

small and the above expression may he expanded in the form of a power 

J t*h 

dh {^ — h) ~ ^ (2fA — hi) the 

0 

series is 


1 


[(/ + f ) 


- 6/21 


2fA - 


2 , 5 (h' - 2^hf 




2 + 


(7-68!)) 


Only the first two terms of the la,st factor aro considered . This itpproxima- 
tioa is made in all analytical terrain-correction methods. Carrying out 

J ^h .A 

dh{^ — A) and / dh, the four derivati'^ 

0 Jo 


■jrivati-ve.s are; 


U„ = -3k 


Uvs — —3k 




2f/x 


-l-6fc 


/■/ 

Jo ''0 

ff 

Jo *'0 

ff 

Jo *'0 

Iff 

^ Jo *'0 


^0 

Iff 'i 


p~ cos a da dp 
I? sin a da dp 


{/)' - 2^k) 


(A' - 2rA) 


p cos 2a da dp 
“(pM^)-®'^ 


■ h 


p sin 2 q! doc dp 


■ h 


(7-69) 
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From this point on, rarious analytical terrain methods make different 
assumptions regarding the -variation of h with asimuth and radius. For 
greater distances it is permissible to make no assumption whatever regard- 
ing a variation and to assume merely that the elevation measured in the 
held is representative of the mean elevation of a sector which is so bounded 
that the station at which the elevation is measured is at its center^ (and 
not at its corners as assumed in other analytical methods). 

The effect of each sector is then obtained by integration between the 
limits Pn and pn+i and o-m and Considering that 

/•2t ^ j>2t ^ -2r ,2 t 

f cos oiicx.— f^sin ocda = f cos2cxdx = J ^ Bhi2ad<x = 0 


and that, therefore, the substitutions 

and h- t = H (7-70) 


are permissible, the azimuthal effects of all sectors in a concentric ring are 
given by 


/ COS a 
Jq 


dxlf = 


0 
/*2ir 

/ sin a doc = 
*'0 

2r 


i 

rt2r 

/ si 
Jo 


cos 2a da H = 


sin 2adaH = 


— ^H^cosa = c' 
m m. 

— Z J?' sin a = V 

— I] Zf cos 2a = e' 
m m 

— z; zf sin 2a = d' 
m m 


(7-71) 


where tn is the number of azimuths (eight or jsixteen) in which the eleva- 
tions are measured. 

Then the effect of one ring bounded by the radii pn and pn+i is 


Vyz 
-Ua 
2jI.J xy 


-3i,| 


-3t| 


dp 


(p2 ^2)6/2 


P dp 


6Z:' 


6^ 


(p2 -h 

'“+-1 p‘dp 
p® dp 


•b' 


• d' 


(7-72) 


'* C. A. Heiland, A.I.M.E. Geophysical Prospecting, 554 (1929). 
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Coefficients for each ring resulting from the evaluation of these integrals 
and the expansion of the coefficients c^, b', e', and d' in terms of elevations 
in eight and sixteen azimuths are given in the article referred to.^^ 

As stated before, this procedure is permissible only for greater distances 
(cartographic correction). In the application of terrain methods to 
smaller distances, some variation of elevation between successive azimuths 
and radii must be assumed in order to arrive at a mean elevation of a 
sector. The simplest assumption has been made by Eotvos.^® If the 
sector is bounded by angles ai and ^2 and by radii p' and p^'; if the elevations 
h'l and A 2 have been determined on the radius p' in the azimuths ai and oc^ ; 
and if the elevations hi and have been determined on the radius p" in 
the same azimuths, the mean elevation is assumed to be given by 


zs= Cl “f C2a -H Czpa “h C 4 P, 

so that the coefficients 

Ci («2 - a,){p" - pO = I>"(a2h[ ^ ccih^) - 

02(^2 - ^i)(p" - pO = /'(A2 - h[) - p'{}:: ~ }il) 

0z{a2 - c.i)(p" - pO = A 2 - hi - {h '2 ~ h[) 

C4{a2 - ^i)(p" - pO = a 2 {h'i ~ Ax') - - K). 

The effect of each ring is calculated from integrals similar to those 
contained in eq. (7-72). However, Edtvds does not use the squares of the 
elevations as in eqs. (7-71) to represent the azimuthal variations but breaks 
off the power series of (7-685) after the first term, which makes it possible 
to use the first powers of elevations. By considering only the first term in 
eq. (7-68!>), eq. (7-69) therefore takes the following form for the gradients: 



COB a da dp 


where Q indicates a quadratic term Q = A^/2. Because of this simplifica- 
tion, the formulas are applicable to small elevations and penile terrain only. 
In the Edtvos formulas given below, the innermost ring of 1.5-m radius is 
considered a plane with the inclination of ^ in the north and t in the oast 
directions. A quadratic term is included for the 5-m radius, which is 
generally negligible for the gentle terrain to which lilotvos’ formula is 
applied. The radii are 


Pi P2 PZ Pi p5 

1.5 m 5 m 20 m 50 m 100 m 
Density is assumed to be 1.8 and f is 100 cm. 


Ibid. 

ca,358. 
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[7. = [5.77 nn 

+ [0.00379 + h) + 0.0061 + h) 

+ 0.0221 |(/i2 + 1^4 4- ^6 + hi) +0.0160t(/i2 h( — hi— hi 
+ 0.13046(Ai — hi) + 0.09225(^2 -\-hi — h^— hi) + Q]pj 
+[0.01173(Ai — hi) + 0.00831(^2 + hi — hi — As)],, 

+[0.00108(Ai - hi) + 0.00077(^12 hs - h - hi)],, 
+[0.00028(Ai - As) + 0.00020(^2 h - h - hi)],, 

= [5.77 *]p 4 

+[0.0379 i{ha + A;) + 0.0061 i(hi + hi) 

+ 0.0221 t (As + A 4 + As + hi) + 0.0160 ^(As + As — A 4 
- As) + 0.13046(A3 - A,) + 0.09225 (A 2 + A 4 - As - hi) 

+ QU (7-74) 

+[0.01173(A3 - At) + 0.00831 (As + As - Ae - As)],, 

+[0.00108(A3 - At) 0.00077 (As + As - Ag - As)],, 

+[0.00028 (As - At) 0.00020(As + As - As - As)],, 

— U^= [0.4826 (Ai — As + As — hi)],, 

+[0.08194(A2 - As + As - A;)],, 

+[0.03181 (Ai - As + As - A,)]„ 

+[0.03077(Ai - As + As - A 7 )],. 

2U.y = [0.4826(A2 - As + A« - As)],, 

+[0.08194 (As - As + As - As)],, 

+[0.03181 (A 2 - As + As - As)],, 

+[0.0.3077 (As - As + As - hs)],, 

These formulas have been simplified 3 ^et extended to more unfavorable 
terrain by Schweydar/^^ He eliminated the separate calculation of the 
innermost ring and developed two methods for calculating gradients 
for: (1) gentle terrain and elevations not exceeding the height above 
ground of the center of gravity of the instrument; (2) any topography. 
The first method follows Edtvos' procedure and considers only the first 

W. Schweydar, Zeit. Geophys., 1(1), 81-89 (1924) ; 4(1), 17-23 (1927). 



220 


GRAVITATIONAL METHODS 


.7 


and linear elevation term in the power series of eq. (7-685); the second uses 
the squares of the elevations as in eq. (7-69). In both methods the varia- 
tion of elevation with azimuth is represented by Fourier series. This 
makes the method more flexible and it is possible to apply the formulas 
to any desired number of azimuths. In any given azimuth, the variation 
of elevation is assumed to be linear between rings in the first method and 
quadratic in the second. In both methods the variation is assumed to be 
linear in the curvatures. 

Considering the linear variation between rings first, the following propor- 
tion exists: 

Pn+l Pn P Pn 

Therefore the elevation is 


^p(pn+i Pn) ^nPn+i ^n+iPn pC^n ^n+i)* 


Substituting this in eq, (7-68a), and considering in the expansion of eq, 
(7-686) only the linear terms, the terrain effect of one ring between the 
radii pa+i a.nd Pn is 


t/x. - 


Pn+i 


\h I COSada(AnPn+i — K+iPa.) 
— Pn L ■'0 

+ QOS a da(h„ — An+i)J 


u„, = 


3fcjr_ 

P.r J. 

+ Ji / sin udociha — An+i) 

3kd r 

I -II cos ^ a ddQljiP Pn) 

- /a y cos 2ada(kn — 

[Zi^ sin2ada(A 

nPa-fi ^n-^iPa.) 

sin a daQiji — 

0 


Pn+i 


Sm Oi(icx{hjipxL-i-i 6.jj4.iPa) 


-i/a = 


Pn+1 Pn 


= 


3k6 

Pn-t-i Pa 


> (7-75a) 


The integral Iz is the same as the integral in the gradients of formula 
(7-72), and integral Ii is the same as the integral in the curvature expres- 
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sioa of the same formula. They invoWe the second and third powers of p, 
while h involves the fourth power; 


Is = 

pn+1 

dp 

r 3 

P 

>n+i 


(p2 ^ ^2)5/2 

L3f"(p' + D®'*, 

Jpn 

Ti = 

r%4-i 

p^ dp 

1 

1 to 

1+ 

1 

l^a-n 


(p2 ^2)5/2 

L(p2 f2)3;2_ 

JPn 

U = 

r%+i 

p* dp 




(p2 ^ ^2)5/2 




(7-756) 


_ (/-i-n 



+ Vp' 

J 


The integrals expressing the azimuth variation are represented by Tourier 
series of the form 

^ = a + b sin a + c cos a + i sin 2a -f- e cos 2a 
so that the four coefficients are 


Trb = 

^2r 

1 A sin a da 

Trd = 

a2x 

/ /i sin 2a (fa 


Jo 


Jo 


»2r 


Air 

-ttC == 

/ h COS a da 

Jo 

7re = 

1 A COS 2a da. 
/o 


Like the coefficients in eq. (7-71), these are obtained from observations of 
elevations A in m azimuths on one circle: 


b = ~ y) /fc sin 0 : 
m 

d = V sin 2a 
m 

c == — y cos 0! 

m 

e = ~ y cos 2a, 

m 


so that in eight azimuths 

b = 0,25[0.707(h2 + A 4 - 4 - W) + 6, - k,] 

c = 0.25[0.707(h2 - A 4 - /k + h) + h - hi] 

d = 0.25[/i2 — A 4 -f- As — As] 

e = 0.25 [Ai — A 3 "i" As — hi]. 


(7-76) 
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For sixteen and thirty-two azimuths, the formulas are calculated in the 
same manner. The final terrain formulas then take the following form 
in Schweydar’s first method: 


= |[2.36ci 4- 0.643C2 4- 0.239c3 + 0.082c4 + 0.01 86c5 

+ 0.00467C6 + O.0O187C7 + 0.001204c8 +■ O.OOOSOSc, 
-f- 0.0004284cio • * • •] 


= 5 [2.365i + 0.643&2 + 0.23963 +••••] 

J!i 

- [7^ = |[3.302ei + 1.962e2 + 1.343e3 + 0.844e4 + 0.357e6 

u 

+ 0.14766 -I- 0.080567 + 0.068068 + O.OOldeg 
+ 0.0472eio 


(7-77) 


2l/=w = I [3.3024 + 1.962d2 


In these formulas the indexes of the Fourier coeJBScients refer to the 
following distances (in meters): 


1 

i 2 1 

3 1 

1 4 1 5 

6 

1 7 8 1 

1.5 

1 3 

1 5 

10 1 20 1 

30 

40 1 60 


9 j 10 
70 j'lOO ni 


The formulas are calculated for an elevation of 90 cm of tlici ccuitcr of 
gravity of the beam above the ground. The constants give the terrain 
ejects in E.U. Formulas for other beam elevations are givcui in the Aska- 
nia publication referred to previously. 

Table 32 represents the calculation of a terrain correction in accordance 
with eqs. (7-76) and (7-77). Above are th() ground elevations in reference 
to the height of the base plate (22.5) and tlu^ telescope axis of tlu^ alidade 
(125 cm). With formula (7-76), the coeffi(h(*uts a, c, and d arci cal- 
culated and multiplied by the fa{‘tors in (7-77) to obtain the efTcnds of each 
ring, whose sum gives the gradients and curvatures. Tin* form rcpr(‘S(nited 
by Table 32 is used together with the form given on pag<^ 200 and con- 
tains also the calculation of final results with planetary and terrain cor- 
rections. 

Schweydar’s second method is applied when the elevations of the sur- 


C. A. Heiland, Directions for the Askania 'Torsion Balance] also A.I.M.E. 
Geophysical Prospecting, 533 (1929). 
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rounding terrain exceed the height of the center of gravity of the instru- 
ment above ground. Then the first two terms in the series of formula 

Table 32 

TEHUAIN CORRECTION A 

4b = 0.707 (/la “f — “ As) 4“ As — A? 4(i = A 2 ~ /14 H- Ae — As 

4c = 0.707(^2 - 


Density: 2.0 Plate = 22.5 Instrument = 125 cm 


p 

1.5 

3 

5 

10 

20 m 

p 

1.5 

3 

5 

10 

20 m 

h 

I 

II 

III 

IV 

Y 

h 

I 

II 

III 

IV 

Y 

1 

4-0.7 

+0.7 

+7.0 

+10.7 

-4.0 

1 

21.8 

21.8 

118.0 

114.3 

129.0 

2 

+0.9 

41. l! 

+0.7 

+5.0 

+7.0 

2 

21.6 

21.4 

124.3 

120.0 

118.0 

3 

-1.2 

-4.3i 

41.6 

41.7 

-5.2 

3 

23.7 

26.8 

123 A 

123.3 

136.2 

4 

-3.5 

+2.7 

+10.3 

+0.3 

+5.5 

4 

26.0 

19.8 

114.7 

124.7 

119.5 

5 

+0.3 

-1.1 

41.6 

+4.3 

+0.2 

5 

22.2 

23.6 

123.4 

120.7 

124.3 

6 

41.5 

+3.2 

+3.2 

+3.8 

+8.8 

6 

21.0 

19.3 

121.8 

121.2 

116.2 

7 

41.5 

+9.5 

+0.7 

+3.5 

-6.0 

7 

21.0 

13.0 

124.3 

121.5 

131.0 

8 

40.3 

+8.3 

+6.6 

+5.8 

-9.0 

8 

22.2 

14.2 

118.4 

119.2 

134.0 

c 

+0.6 

41.1' 

+0.3 

+2.8 

-4.0 

e 

+0.2 

-1.4 

41.6 

+2.5 

+2.0 

b . 

-1.5 

-4.81 

+0.4 

-1.2 

42.4 

d 

+1.4 

-1.7 

-3.3 

+0.7 

+4.8 

times 

c 

b 

2.36 

0.643 

0.239 

0.082 

0.0186 

e 

d 

3.302 

1.962 

1.343 

0.844 

0.357 


equals 


c' 

+1.4 

+0.7 

+0.1 

+0.3 

i -0.1 

b' 

-3.5 

-3.1 

+0.1 

-0.1 

0 


e' 

+0.7 

-2.7 

+2.2 

+2.1 

+0.7 

d' 1 

+4.6 

-3.3 

-4.4j 

+0.6 

+1.7 


Sum c' X ^ - -1-2.4 


Kj,* = Sum b' X 


- 6.6 


Ka = Same' >< - - = -3.0 
2 


2K, 


.ry - Sum d' X - = — 0.8 



Negative Coreections 




Recorded 




Corrected Values 

Terrain 

Topog. 

Planet- 




-4.4 

+2.4 

— 

+6.9 

-13.7 


\ 

+10.5 i 

-6.6 

— 


417.1 


-21° 

-2.5 

-3.0 

— 

+7.9 

-7.4 


R 

-1.4 

-0.8 

— 

— 

-0.6 

2U,y 

7,4 


(7-681) are used, which leads to formula (7-69). As shown in (7-70), it is 
then more convenient to use the squares of the differences, {h — f)^ = 
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Their variation with aziranth is agaia represented by Fourier series, so 
that the new coefficients (comparable with those given in [7-71]) are: 

1 B 1 = — X] sin Qi and [Cl eos a (7-78) 

lUm ni m 

Instead of introducing again a linear variation between two rings, it is 
now more convenient to assume a variation of their squares between 
three rings, so that 

= Cl 4- C 2 p +• Cbp^, 


The coefficients are determined from the variation of in one azimuth 
in three distances, Pn, Pn+i> and pn+ 2 , so that the gradients 



where the integrals Ji, h, and /s^re as given in (7-756) except that the limits 
are Pn and Pn+a* Substituting numerical values for the same distances as 
in the first method the gradient formulas of the second method are : 

= - i [172.9 I C |i + 11.64 I C I 2 + 17.92 |C Is + 3.020 | C I 4 

+ 1.454 1 C Is + 0.031 1 C lo + 0.1404 j C I 7 
+ 0.0399 I C Is +• 0.0592 1 C |s + 0.0152 i C |,o] 

= -|[172.9|B|i-t-11.64|B|2+ ....]. 

These formulas hold for f = 0.9 m. All okivation (diff(^r<^ri(‘os) must be 
expressed in meters. The formulas for curvaturcNS (originally givani do not 
change. Table 33 illustrates the calculation of terraiu c'oricf'tions for 
both curvatures and gradients (second Schwciydar nicithod) for vc‘ry rugg<d 
terrain. Fig. 7-76 gives an idea of the magnitude of tfo-rain fHocts under 
such conditions. 

In concluding the discussion of analytical methods, brief reference should 
be made to a method for calculating the effects of remote terrain features 
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Fig. 7-76. Terrain effects and contours at Caribou, Colorado (compare with 

Fig. 7-119). 


on gradients and curvatures from contour lines [cartographic correction). 
The procedure is illustrated in Fig. 7-77. The terrain is divided into 
elements bounded by successive contours (interval dp) and subtended by 
an angle da, so that the coordinates of the center of the element are /> and a. 
Then the corresponding gradients and curvatures may l)e obtained from 
(7-69) by neglecting f compared with h so that 



[h) Graphical methods. The essence of graphical terrain correction 
methods is that the influence of the terrain is evaluated not by measure- 
ments in fixed distances and azimuths but by the use of contour lines and 
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terrain profiles. For this purpose diagrams are used which contain the 
outlines of mass sectors of such dimensions that their effect on the instru- 
ment is identical regardless of distance or azimuth. Hence, the determina- 
tion of terrain effects is accomplished by “counting” the number of “grati- 
cule” elements ehcompassed by the successive contours or the terrain 
profile. In the first case we speak of “horizontal” diagrams; in thesecond, 
of vertical diagrams. The construction and use of horizontal diagrams is 
based on the calculation of sector plans of such dimensions that for equal 



Tio. 7-77. Cartographic correction with contour lines. 


elevation their effect on the instrument is equal. An approximation 
method (Numerov®’) and a rigorous method (K. Jung'““) have been de- 
veloped. 

Numerov’s method of calculating terrain diagrams rests on eq. (7-69), 
which, for an element bounded by successive radii Pn and pa+i and angles 
and may be written in the following form, provided is negligible 
compared with f> in the denominator: 

•sZeit. Gcophys., 4(3), 129 (1928). 

^"oZeit. Geophys., 3(6), 201 (1927). 
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m f 


<xm 

am+l 


Uxz = Sk5(th 
Uyx = 2U(th 

/‘"m+i r 

— C/a = Bhi-h 1 COB 2a dod / 

•'am •'P'i 


«m+i 

cos a da 


i3 


sin O' da 




^Pii+i 


dp 


'<xm 
/•am+i 


,2 


pn P' 

dp 

l>a 


/ «m+i f 

sin 2a da I 

•'m “'/> 

Carrying out the integration for a sector of constant elevation h, 
U„ = l Ui^h - |ft*)(sin ttm+i - sin aj(^ “ } 

^ Vpn Pa+l/ 


= 


ksi^k — %h^) (cos Ctm+i — cos 


^/1 1 

am)l-2 r 

'Pn Pn+i 


— UA = n kdhisin 2ann.i — sin 2a, 
2 


\Pti Pn-i-i f 


2Uxy- — ^kdhicos — cos 2am) 


(7-82) 


(7-83) 


^Pn Pn+i' 

Assuming now that fA — = constant = 1; that 5=1; that the unit 

effect is 10'“ for gradients and 10“^“ for curvatures; and further that 


(sin «!, 


sin ttm) = const. 


and = const. ; (7-84) 

Pn Pn^. 


it is possible to divide the entire surrounding tfjpography into elements so 
dimensioned that regardless of distance and azimuth all produce the same 
effect. It is not necessary to construct separate diagrams for tlie cast 
gradient and the northeast curvature. The north gradient and north 
curvature diagrams may be used for the piir])ose by rotation thi’ougii 90° 
and 45°, respectively. 

Fig. 7~78a shows a diagram for the calculation of terrain gradients. 
With the arrow north, the diagram is used for with the arrow east, for 
U^z. The unit effect of the five interior rings is 10”'^“, that of the others 
e.G.S. Tlio diagrams are applicable from 50 to 500 m or 5 to 50 m; 
however, f must be expressed in the same units as h. If the elevation be- 
tween two successive contour lines is h, the effect of the contour ' 'strip’' is 
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where n is the number of '‘compartments” (or dots) covered and S the 
densitj^ Fig- 7-786 is a diagram for the curvature values, likevdse for 
50 to 500 linear scale units. The unit effect of five inner rings is 10”'“; 
that of the outer rings, 10"*' C.G.S. The calculation, of a “strip” of mean 
elevation h covering n dots proceeds in accordance with: effect = nS-h. 

In the application of the Numerov diagrams, it must be remembered 
that they do not hold for very rugged terrain or for very short distances 
from the instrument, since is disregarded compared with /. A rigorous 


t 



Fia. 7-78rt. umcrov diagram for terrain gradients. 


method liaa l)eeii proposed by Juiig. Its only inconvenient feature is that 
lines of cqniil terrain angle (from the instrument) must be drawn about the 
station. This method was described before in connection with terrain 
corrections for gravity meusurements (formulas [38c to 386]). 

The rigorous mathematical representa^tiou of the terrain variation is 
made possible by figuring all elevations in respect to the center of gravity 
of the instrument, which eliminates f from eqs. (7“-68a). With the angle 
\p = tan""^(Ayp), the gradients and curvatures due to one segment are 


-f 



Fia. 7-786. ]>Tumerov" diagrara for terrain curvatures. 



Fig. 7-79(X. Juug diagram (JD) for terrain gradients, 

239 
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dp 



= -kS / 

/ (1 ~ cos* 

cos a da 



‘'am 

P 



/pn-l-i r^ai+i 

dp 


Uj/Z 

- -kd / 

/ (1 — cos®^) 

sin a da 


^ Pn 

V am 

p 



f Pn+i 

r^m+1 


~ cos 2a: doi 

Ua 

= J 

1 (3 sin ^ — sin^ 

f) 




P 


rpn+i 



— sin 2a: da. 

2Uzy 

= J 

f (3 sin tf' — sin* 

p) 


•^PIX ^ 

am 


p 


( 7 - 85 ) 


In these expressions the terms 1 — cos® tp = (}(p) and 3 sirn^ — sin® \p = 
K{^) may be obtained for any terrain profile from IFig. 7-39. Carrying 
ont the integrations in eq. (7-85), the following equations are obtained 


Uiz = -kSO(p) log« ^ (sin am+i — sin aad 
Pn 


Uyz = —kdGCi^') T^Oge—^ (cos anad-i COS aj 
Pn 

C/a = ^khK{\p) loge — (sin 2ani^i - sin 20 :^) 

Pn 

'^U'xy = —kkdKijf) loge — (cos 2a:ja4i — COS 2ajn) 
Pn 


> ( 7 - 86 ) 


Again only t\\^o diagrams are necessary, since th.e N gradient diagram may 
be used by rotation through 90® for the E gradient, and the curvature 
diagram by rotation through 45®. The graticules shown in Figs. 7-79a^ 
and 7-795 were calculated by making 


log^ = const. = 0.1, sin orm+i — sin am = const. = 0.05 

Pn 

and i(sin 2aj^^.i — sin 2aja) = const. = 0.05, so that for both diagrams the 
product of distance} and azimuth factors is 0.005. Hence, for the curvature 
diagram C thci unit effect is 0.333 • and for the gradient 

diagram D the unit effect is 0,333- 10”^ •5-<?(iA). For calculating LI a , 
the C diagram is oriented with the M axis toward N, E, S, and W. The 
effects of the N and S quarters are negative and those of the E and W 
quarters positive when elevations are positive, and vice versa. For 
calculating 2Uxv, M lines are oriented NE, SE, SW, and NW. The 
NE and SW quarters are positive and the SE and NW quarters negative 
when elevations are positive. Diagram D, for calculating Urz, is oriented 
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with B aorth and south and A east aad west. For Uyz, A is north and 
south, aad B east and west. 



Fig. 7-'79h. Jung diagram (C) for terrain curvatures. 


0 

The evaluation of lines of equal elevation becomes unnecessary in a 
method using vertical diagrams proposed by the author.^°^ These dia- 



Fig. 7-80. Mass cleniorib in ref- 
eronco to torsion halaiioo. 


grams are placed through the surrounding 
terrain in sixteen azimuths; the terrain 
profile is superimposed on the diagram; and 
a count is made of the niunber of elements 
which are included between the horizon 
(through the center of gravity of the in- 
strument) and the terrain profile, llic 
calculation of thcs(i diagrams is based on a 
determination of the effect of a sc‘gniont of 
a spherical sliell, such as that shown in 
Figs, 7-80 and 7-81, Substituting in eqs. 
(7-66) r sin \p cos a for x, r sin <p sin a 
for y, and r cos p for the equations 


lo^A.A.P.G. Bull., 13 ( 1 ), 39-74 (Jan., 1920). 
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U^=U dm 


sin <p cos (p cos a 




Sin <p cos sm a 


= —3ft / dm 


sin^ <p cos 2a 


!(7-87) 


lUzv = / dm 


sin (p sin 2a 



Since tke mass element dm = 

h*dr-rd(p*r sin^ • da, the gradients and element, 

curvatures of OTie element are 

TT 0 7,: f f eos « da sin^ cos p dp dr 


U = 3,^3 r““"‘ r*" ws a da sm ^ cos P dp dr 

*^91? ^ 

U = Ud n*' n*'' 

•'am. •^V’p ^ 


tf = 3AS n*' 2a da sin 

•'am. *'V’p *'»’a ^ 

n,c f““"“ sin2adctm? pdpdr 

2Ua:y,= 3A5 / / / . 

•'am ^ 


These four equations may be reduced to two because the azimuthal 
differences (sin, cos) in the components can be taken care of by rotation 
of the diagrams. Then the effect of one mass element is 


Uxz = kb (sin aBi4i — sin Om) (sin* 50,4.1 — sin* p^) log, 

in 

17a = — Ik^ (sin 2a„4i — sin 2ani) (cos’ ^,4.1 — cos’ p^ 

— 3 cos (|ffp4i “b 3 cos Pjj) log. 


(7-88) 


Evaluation of gradients and curvatures in eight sections, that is, in 
sixteen azimuths, does not require thirty-two but only six diagrams. Of 
these, the GJ and the Cl diagrams are reproduced in Figs. 7-82 and 7-83. 
Unit effect is 1 • 10"'°; scale is arbitrary ; and assumed density is 1.0. Their 
application above and below the horizon is indicated in the scheme in 
Tig. 7-84. 
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of the diagrams in different azimuths are combiaed by vectorial addition 
to a vector of the azimuth a for gradients and another vector of the azi- 
muth 2a for the curvatures. The justification for this procedure is seen 
by reference to formula (7-86), since the azimuth terms may be written 

in the form 2 sin ^ for gradients and 2 sin Aa for curvatures. 

The gradient and curvature vectors of the terrain may then be resolved 
into their x- and 2/-components to obtain the corrections for all four 
gradient and curvature components. 

(c) Phnimeter and integraph methods. If planimeters or integraphs are 
used, terrain effects are determined by outlining the terrain profile or 
terrain contours with the stylus of one of these instruments rather than 
by counting elements as in the graphical methods. Two procedures are 
applicable : (1) use of ordinary planimeters with contour lines or terrain 
profiles distorted in respect to horizontal azimuth or vertical angle and 
distance scale in such a manner that the effect of the mass area is inde- 
pendent of azimuth and distance ; (2) use of special integraphs with contour 
lines or terrain profiles drawn to undistorted scale. 

The first procedure was proposed by Below and has been described 
before in connection with the interpretation of gravity anomalies (page 155). 
Its applications have been worked out; (a) for the entire surrounding 
topography; (6) for small elevations at greater distance.”® The relations 
that apply in the first case have been given in eq. 7-85. They contain 

integrals of the form [ — for both gradients and curvature values which 
J p 

/ sixi d 

gradients 


and 


// 


(cos «) 

for curvatures which express the effect of azimuth, 
be reduced to surface integrals of the form 
R dM by the substitution R = y/2 loge p and ^ ^ sin a, cos a, 


sin 2oidoi 
(cos 2a) 

These integrals may 


/ 


sin 2a/2 and cos 2a/2. These substitutions result in a diagram wliicli is 
distorted in respect to both scale and azimuth (see Figs. 7-85 and 7--8G). 
On such diagrams lines of equal elevation angle \p are plotted and the area 
S between successive lines is determined with a planiineter so that for the 
gradients 


cos a dp 
(sin a) p 


da 


--f/ 

36 J J 


R,dRdt> 


36 ' 


■“‘K. Jung, Zeit. Geophys., 6(2), 114 (1930). 
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Fig. 7>85. Scalo distortion for gradients ia Be low- Jung’s plaaiineter terrain correc- 
tion (after Jung). 


and for the cuivatures 

cos 2a dp , 

(sin 2a) 7 

For small elevations at greater distances, when the square of the height 
of the instrument above the ground is negligible compared with the square 
of the distance, formulas 7-82, containing the integrals 

cos a , f dp 


36' 
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for gradients and 

cos 2a , dp 
(sin 2a) ^ 

for curvaturesj apply. Hence, the substitutions JR ^ 1/p for gradients 

and i? s •\/2/p for curvatures, ^ = sin a, cos a for gradients and <i> ^ 

sin 2a , cos 2a « ^ , , 

and tor curvatures may be made. 



Fig. 7-86. Scale distortion for curvatures in Below-Jung’s planiiaoter terrain correc- 
tion (after Jung). 

Distortions of diagrams may be avoided by the use of specially con- 
structed integraphs. The Askania Werke have constructed a special 
integraph^^® for the evaluation of gravity and torsion anomalies which 
may also be applied to calculations of terrain effects. If the topography 
around the station has been represented by lines of equal elevation angle, 

the terrain effects which contain the double integrals J J da 

for gradients and J J ^ curvatures may be written 

10® F. Kaselitz, Zeit. Geophys., 8(3/4), 191 (1932). See also p. 269. 
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in the form of eq. 7-85. The general form of these integrals is 
“ (s^ na) "^hich may be evaluated by the integraph as surface 


// 


integral of the form , . , , , A more detailed discussion 

nj p [cosn^ipjj 

of this integraph is given in the following section on interpretation of 
torsion balance anomalies. 

(d) Field practice in terrain swrvey; f reparation of station site. The 
accuracy of a torsion balance may be enhanced considerably by a judicious 
selection of the station site. The location should be as flat as possible, 
at least to a distance of about 20 meters. Yicinity of ditches, bluffs, 
embankments, and houses should be avoided if possible. In forests it is 
advisable to set up the instrument in such a manner that large trees are 
symmetrically arranged with respect to it. If setups in rugged terrain 
have to be made, the site should be so selected that the effect on gradients 
is a minimum. The site should be leveled with a shovel to a radius of 
3 to 5 m. In the filling of depressions, the dirt should be tightly tamped 
to preserve approximately the same density around the station, Leveling 
the immediate vicinity has the further advantage of avoiding difficulties 
in setting up the house. 

After the site has been leveled, a plane table or transit is set up and 
the ''far terrain’^ determined first (at 5, 10, 20, 30 m, and so on). On the 
plane table sheet, eight or sixteen azimuths are laid off. If a transit is 
used, it is advisable to mount a compass on top and to read the angles on 
it instead of on the horizontal circle. The instrument is set up over the 
station point. One man reads the elevations and takes them down, the 
other goes around the station and places the leveling rod where directed. 
A rope or chain with the proper measurements marked on it is used in 
obtaining distances. It is advisable to carry a rope 20 m long for the 
average terrain and an extension out to IDO m for more complicated 
terrains. The rope is laid out first in the north direction and the rod is 
placed at 5, 10, 20, 30 m, and so on. Then the rope is moved over 
to the next azimuth and the rod is placed at 30, 20, 10, 5 m, and so on. 

In some terrains the use of ropes or chains may be impracticable. Some 
companies have trained their men to pace the distance accurately. In 
brush country it may be necessary to cut lines for the terrain survey 
(Fig. 7-87). The rod should be graduated in centimeters; it may be so 
made that differences in elevation may be read directly. For this purpose 
the rod is graduated both ways from zero, with red divisions below and 
black divisions above, red indicating positive elevations and black negative. 
The foot of the rod carries an adjustable shoe. Before elevations are 
taken, the rod is placed close to the telescope of the transit and so ad- 
justed that the zero point coincides with the optical axis of the telescope. 
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Aftei* “far” terrain has been taken, three pegs are driYen into the 
ground, and the aluminum base plate is laid on it and so oriented that 
the north mark is in the astronomic meridian. The “near” terrain (1 .5 m 
and 3 m radii) is then taken b 7 placing the leveling rod successively in the 
eight directions marked on the plate and leveling it with a carpenter’s 
level. Distances to ground are read at 1.5 m and 3 m distances with a 
ruler (see Table 32). 

The density of the surface soil is taken by filling a 1000 ec container 
and weighing it. If considerable contrast exists between the density of 
the surface weathered layer and the formation below, its density may 



Fig. 7-87. .Aorial photograph, of torsion-balanco stations in Mexico. 


have to bo determined separately. Further details on terrain field meth- 
ods, selection of station, calculations, and the like art; given in Dircctians 
for the Askania Torsion Balance. The brief directions given alrove appl>^ 
to the Schweydar method and may be modified for (hher terrain methods. 
Different companies have adopted .slightly different tcchnitiucs in the 
field and in the calculations (u.se of nomograph, s, and ,so on), lait the 
fundamentals of procedure are more or lo.ss flit; same. With calculation 
diagrams involving units of equal elevation angle it may he advisable to 
measure angles directly on the vertical circle of the transit or alidade. 

3. Correction for regional gradient. In tor.sion balance .surveys it happcirs 
thatthi gradient and curvature anomaly due to a structure or geologic body 
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is frequently superimposed upon a larger anomaly due to regional geologic 
structure or some otter larger geologic body. Examples of such regional 
effects are monoclines, deep-seated intrusions, regional attitude of base- 
ment topography, geosynclines, and the like, When a local structure is 
superimposed on such regional features, it is possible that its effect is not 
immediately recognized in the gradient picture. Tor instance, in the case 
of an anticline or dome, the familiar reversal of gradients may not appear 
in the torsion balance map at all. It can be produced, however, fcy sub- 
tracting (vectoiially) the effect of the regional geologic feature (see Fig. 
7”-93). It is impossible, however, to give general directions for the applica- 
tion of such correction. The magnitude and direction of the ^ regional'^ 
gradient depend entirely on distance, depth, and configuration of the 
regional geologic feature involved. The regional effect may be deter- 
mined (1) by field measurements and (2) by calculation. Where sufficient 
well-information is available to establish definitely the absence of local 
structure and the presence of nothing but regional effect, the regional 
gradient and its variation with distance may be determined from a .suffi- 
cient number of torsion balance observations. 

The regional gradient may also be derived from regional surveys with 
the gravity pendulum or gravimeter. If the geologic feature producing 
the regional gradient is definitely known, its effect may be calculated by 
the formulas and procedures given in the following section on interpreta- 
tion. An instructive example for the application of the regional gradient 
correction is given by D. C. Barton for the Fox and Graham oil fields 
in Oklahoma. In mining exploration the 'hegionaV^ feature to be elimi- 
nated is frequently of very restricted extent and often a geologic body 
which in the regular usage of the term would likewise be called a local” 
structure, for example, a contact zone, a fault, an intrusion, or the like. 
What is considered a regional feature depends, in other words, entirely on 
Avhat geologic feature is sought by the survey. The procedure of correcting 
for a regional gradient is, therefore, comparable in every detail with the 
subtraction of a ‘hiormal” value from magnetic anomalies. 

4. Correction for coast effect Coast effects are due to (1) the slope of 
the coastal shelf and (2) variations in water level (tides). The second of 
these has been discussed before (pages 165-166) in connection with time 
variations of gravity, and it need not be considered here. That fairly 
appreciable gravity anomalies accompany the continental shelf had been 
observed by Hecker. An analysis and theoretical explanation of the 
effect was given by Schidtz and Helmert.^°^ Whereas above a buried 
slope of dense material the gravity anomaly rises gradually from its lowest 

10^ A.I.M.E. Geophysical Prospecting, 458 (1929). 

108 Encvcl. Math. Wiss., VI 1 (7), 143 (1906-1925). 
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to its highest value, a negative peak occurs over the foot and a positive 
over the upper edge of a continental shelf in isostatic equilibrium- For a 
slope of about 1*^ inclmation, Helmert calculated a positive peak of 63 
milligals above the upper edge of the shelf, dropping to about 25 milligals 

100 km inland. Hence, a 
coastward gradient is pro- 
duced along a wide zone 
which for the slope men- 
tioned is of the order of 3 
E.U-, increasing to 5 and 
naore units near the coast. 
For shelves of steeper slope 
the effect is correspondingly 
greater. Like other regional 
effects the coast effect may 
he determined by direct ob- 
servation or calculation and 
may be deducted (vectori- 
ally) from the observed gradi- 
ents. 

5, Corrections jor fixed 
masBes (other than terrain), 
effects of underground o^pen- 
ings (tunnels and the like). 
Corrections for fixed masses 
other than terrain are re- 
quired only in exceptional 
cases when setups near them 
cannot be avoided. Fre- 
quently it is sufficient to cal- 
culate their effects by assum- 
ing point masses, linear 
masses (trees), slal)s, or para- 
llelopipeds. The formulas 

Fig. 7“88. Lines of equal gradients in infinite given for these in the section 
rectangular tunnel section (after Meisser). oninterpretation(pagCs 258- 

265) arc applicable. If several 
fixed masses are present, it is often possible to reduce or virtually avoid 
a correction by setting up the instrument so that their effects are com- 
pensated. On gradients two or more equal masses in symmetrical dis- 
position cancel; on curvatures three symmetrical, equal masses compensate. 
In underground work a similar precaution reduces corrections for tunnel 
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sections appreciably. In the two planes of symmetry of a rectangular 
section the gradients are zero. However, the curvatures cannot be made 
zero. The effects of a tunnel of rectangular sectioUj infinite in its longi- 
tudinal direction, on gradients and curvatures follow directly from the 
formulas for a vertical step given in the section on interpretation. Figs. 
7-88 and 7-89 (after Meisser 
show the gradient and curvature 
distribution inside a tunnel which 
is infinite in the direction. 

With the notation of Fig. 7-90, 
and 2Ux'v' = 0 ^^d 


7^ = 2kd(a 


7.-. = 2fcHoge - -S 
n r 


(7-89) 



if the center of gravity of the 
torsion balance is below the 
center of the section. When 
setting up an instrument in the 
center line of the tunnel so that 
its height above the tunnel floor 
can be varied (i.e. along the z 
axis), x' = 0, Ux'z = 0, and 
h/a. 

If the tunnel section is not 
rectangular or nearly rectangular 
in section, it is advisable to use 
the graphical or integraph meth- 
ods given in the interpretation 
scjction for two-dimensional fea- 
tures and to calculate the effect 
of th(' actual tunnel outline'. In 
any cvnuit, instrument should 
be set up as nearly in the center 
of the sc^ction as possilrh'. Al- 
tliough the (nir\^atures arc^ not 

y.('r(), their variation with location is least and the correction (if curva- 
tures are used at all) niay ])edetornnined with fair accuracy. The tunnel 
outline can l>o ni(‘a.sured witli a device used in (‘xcavation, sometim<‘s 


Fjfi, 7-80. Lint'S i 
infinite rec‘tanj»'ulnr 
Mdsscr). 


f (Miviiil enrvatun's in 
tuiiiK'l scM!tion (after 


Geophys., 6(1), 17-18 (1980). 
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called the ^^sunflower/^ It consists of a graduated arm rotatable about 
a horizontal axis, which, is shifted until it makes contact with the 
tunnel wall, thus giving the distance of the wall at any vertical angle 
from the center of gravity of the torsion balance. The vertical angle 
of the arm may be read on a dial. If the tunnel is not straight, or if 
the shape of other subsurface cavities is to be determined, the sunflower 
may be provided with a vertical axis permitting the variation of section 
with horizontal azimuth to be obtained. 


E. Graphical Representation- of Torsion Balance Data 


For convenience in interpretation, torsion balance results are plotted as 
vectors or as curves. The corrections discussed in the preceding section 

are applied to the instrument 
readings algebraically orvec- 
torially. Geologic interpreta- 
tion is based on the corrected 
I I values represented by vectors 

I \ I or by curves of gradient and 

I P curvature components in ge- 

I \ ^ ologically significant direc- 

^ ^ (usually at right angles 

I \ strike). For more 

\ ^ qualitative interpretation or 

I / \ I comparison with gravimeter 

^ ^ ^ ^ or pendulum data, relative 

^ \ ^ gravity is calculated from 

I / \ I gradients and represented in 

I / \ I the form of isogams. 

I / \ I 1. In vector representation, 

1/ the east gradient (see Fie:. 

^ \ rr - • i ■ i A- ^ 

d L1-: ^ 7-9 m), Uyz, is laid off to the 

Tig. 7-90. Tunnel section. east if it is positive and the 

north gradient, Uxz, to the 
north if it also is positive. The resultant vector is the total gradient 
(Igjds, Its azimuth, a, gives the direction of maximum change of gravity. 
In plotting curvature values, — fA is laid off toward north and 2lJ:cv 
toward cast. The resultant vector is the ^^differential curvature/' R, cand 
it makes the angle 2A with north. Therefore, it must be replotted. In 
doing so, it is customary to shift the R line on itself so that the station 
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is in its center. The same procedure is recommended for gradients (Tig. 
7-9 Ic). Therefore, 


tana 

^ XZ 


tan 2X = 


2V,y 

~u. 


> 


» = Vilify d- {2u.vy 

/ 


(7-90a) 


For plotting the vectors, the coordinate axes are drawn through the 
station in astronomic or magnetic directions, depending on how the in- 
strument was set up in the field. Use of astronomic coordinates is pref-' 
erahle. The scale is generally 1 mm per E.U. Replotting of curvatures 
may be avoided by using the diagram of Fig. 7-92. The radial lines 



Pig. 7-91. Method of plotting gradients aad curvatures. 


diyide each c[uadraiit into 45° sectors, so that the resultant differential 
curyatuTC, R (concentric circles) and its azimuth are obtained directly. 

2, Vectorial addition and subtraction of gradients and curvatures is useful 
for visualizing the effects of (terrain, regional, and so on) corrections. In 
the case of gradients, vectorial subtraction is possible without difficulty. 
Fig. 7-93a shows the addition of tAvo gradient vectors, Fig. 7“936 the 
subtraction of a regional gradient vector. For curvatures, vectorial addi- 
tion and subtraction must be made by auxiliary vectors of twice the 
azimuth. In Fig. 7-93c, Ri and R 2 are the original vectors to be added; 
Ri and R 2 are the auxiliary vectors of double azimuth that combine to 
form the vector R'i . This vector, when plotted at half its azimuth , gives R ^ , 
representing the vectorial sum of Ri and i ?2 . Siil)tractlon of curvature 
values follows a similar procedure. 

3. A transformation of coordinates may be desirable for changing observed 
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values from magnetic to astronomic directions, or, in certain interpreta- 
tion problems, for referring different sets of vectors to a xmiform system. 



Fig. 7-92, Diugrain for the calculation of curv'ature 'values. 



7-iK^. \ (‘ctcji’ial addition and siil)( raetion of gra.di(Mds iiiul (‘urvaiurcs. 


ddic tnmsi(M*rnations may he made analytically or graphically. If two 
syst ('HIS, (x, ?y) and (.r^, ?/'), make the angle a with each other (positive 
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from north by east); the two sets of transformation equations for gradients 
and curvatures are: 


and 


xz z cos OH. ^'y'z SID CC 

Uyz = l^x'z sin a + Uy'z cos a 
lU = cos 2a -h 2Uz'y' sin 2a 
= — L'"a " sin 26! cos 26 

(7-90b) 

L--^ x'z U xz cos a “f~ U yz sm a 

Uy'z = — XJxz sin a -h Uyz COS a 
Ua' = cos 2a — 211 x 1 , sin 2a 
2Vx>y' = Va sin 2a -f- 2Uay cos 2a. 


Graphical transformation follow^s a similar procedure as shown previ- 
ously in Fig. 7-93, that is^ single azimuth projection of components for 
gradients, double azimuth projection for curvatures. 

4. Conversion to curves. Conversion of torsion balance data to curves 
frequently gives considerable iiiterpretational advantages, particularly 
where these curves are used with geologic sections through ^^two-dimen- 
sional'^ geologic bodies. Therefore, field traverses and interpretation pro- 
files are laid out at right angles to the strike when possible. Because of 
regional or other effects, the directions of gradient and curvature vectors 
may not coincide with the direction of the profile. In this case they should 
be projected on the profile, which may be done analytically or graphical^’'. 
If in Fig. 7-94, ^ is the azimuth of a gradient vector with reference to 
the profile direction a*', and i/ is the azimuth of a ciiivature vector, the 
projected values are 


? = ^ cos <p and —Va = Rc os ! (7-90c) 

dx ds 

111 th(i coiTt\spoiiding graphical construction the gradient \"ec‘tor is pro- 
jected upon the profile direction as shown. For tin* projection of the 
curvature, the construction of the auxiliary \Tct(>r at twice* tin* angle* with 
the profile is again necessary. 

For two-dimensional geologic features of virtually infinite extent in the 
y direction, the (corrected) gradient vectors make the angles of 0° or 180° 
with the profile direction. Tim corresponding angles of the curvatures 
are 0"^ or 90°. If the subsurface feature is infinite in the i/ direction, 
dg/dy', 2Ux'y' , and Jdyl = Oand — 1/a' = d^U/dx\ . A gradient vector 
in the x' direction is then plotted as positive ordinate and a vector pointing 
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in the —a;' direction as negative ordinate. A curvature vector at 0® 
angle is plotted as positive ordinate (d^U/dxl) and a curvature making 
an angle of 90° with the profile as negative ordinate. 

5. Calculation of relative gravity, construction of isogcms. Since the 
horizontal gradient of gravity represents the slope of the gravity curve, 
it is possible to calculate the difference in gravity between two points when 
the rate is reasonably uniform and the distance between them is small 
A number of procedures are in use to accomplish the ^mechanical integra- 
tion’^ of the gradient curve. For close spacings of stations and uniform 
gradients it is satisfactory to project the gradient vectors on the profile 
line, to average the projections at successive stations, and to multiply the 

average by the distance. If 
gradients are expressed inE.TJ. 
and distances in kilometers, 
the gravity anomaly is ob- 
tained in tenth milligals. Cal- 
culation of the projection of 
the vectors upon a line con- 
necting the station is facili- 
tated by the use of a gradu- 
ated glass scale or transparent 
graduated paper. Gravity dif- 
ferences are added from sta- 
tion to station along closed 
loops, and the error of closing 
is. distributed at the end. A 
least sqLuare adjustment of the 
entire net of stations can be 
made if desired.^^^ 

A second method of calcu- 
lating gravity diffiuxmces be- 
tween stations is based on 
the construction of tangent polygons (Fig. 7-95^), with the assump- 
tion that the rate given by the gradienit at one station prevails half 
way to the next. BotwecMi two stations, A and S, the proj(K!tions of 
the vectors U.z and 1/,^ are plotted as ordinates against unit distance. 
This procedure, heginnirig with A, giv(‘S the; point i> on the Ag curve” 
for the half-way pchiit JL Hcmce, the gradient for th(i s(H^Dnd station, B, 
is i)lotted as ordinate against unit distance and the point F is obtained 
on the gravity curve. The procedure is again applied to several sets of 
stations arranged in closed loops or polygons. Three stations arranged 

110 1). C. Barton, A.A.P.G. Bull, 13(9), 1168-1181 (Sept., 1929). I Koman, 
A.IM.E. Geophysical Prospecting, 486-503 (1932). 




(b) 

FlO. 7-94- Projection of gradients and curva- 
tures on profile direction. 
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for simplicity at the corners of a triangle are shown in Pig. 7-95c. They 
happen to show a large error of closure which has been adjusted graphically 
as shown in Fig. 7~95d. The adjustment follows the rule that the tangents 
at the points B and C must be kept constant, and that the curve must 
close at A. When gravity differences have been so calculated, ^hsogams’’ 
may be plotted as shown in Fig. 7-95e. 


P 



Fig. 7-95. Calculation of relative gravity from gradients in station triangle (after 

Jung). 

A third procedure is based on a graphical integration of the gradient 
curve. Stations are arranged on straight lines, and projections of gra- 
dients are plotted as ordinates in a continuous gradient curve. The 
station lines should be so laid out that the 3 ^ close back to the original 
station. The gradient curve is then integrated numerically or by the use 
of an integrapli (such as those designed by Abdank-Abakanovicz, Harbou, 
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and others) for tracing the curve / f(x) da, if the curve y = J(x) is given. 
The error of closure in this method naturally dependj? much on how 
closely the integrated gradient curve approaches the true gradient varia- 
tion. Ill any event, some sort of an adjustment of the errors of closure 
is required, as in the other two methods. In areas where gradients are 
very erratic and near-surfaec anomalies overshado\Y deeper effects, a 
better isogam picture may be obtained by arranging the stations in clusters 
of three or four, calculating the average vector for the center of gravity 
of the station polygon, and using this average vector for the isogam 
construction. 

F. Theory of Subsurface Effects, Interpretation Methods 

1. Interpretation methods. Interpretation of torsion balance results is 
based on gradient and curvature maps, isogam maps, or gradient and 
curvature profile curves constructed as described in the last >section. 
Whether all of these maps and curves or only some of them are used de- 
pends entirely on the nature of the geologic objects under survey. In 
oil exploration, a representation of torsion balance results in the form of 
a gradient, a curvature, and an isogam map is best suited for interpreta- 
tion. If such a gravitational survey reveals definite geologic units (such 
as an anticline, a salt dome, or an intrusion) , it is better to plot the results 
as projile curves, since they lend themselves better to quantitative analysis. 
Gradient profiles are usually more reliable than curvatuni profiles. In 
rugged country the? latter are often disregarded entirely. 

Interpretation methods are qualitative, semiquantitativis or cpiaiitita- 
tive, depending upon the iiatun’; of the survey, the complexity of tlui 
geologic Ksituation (number of efF{‘c*tive geol()gi(* bodies), and, gc‘n(U’ally, 
the amount of geologit! information available. Matiiiully tlu^ first step 
in almost every torsion balance! survey is prcliiniiiary intt^rpudatioii by 
inspection. For this piirpost' gradumt and isogain maps ai-(' most suitable. 
From the appearance of the indications it is possible to d<‘t <‘nnin(' whetlu'r 
the geologic filatures mapjxd (extensive,! or of loiuil signifi(‘aiK*(^ wIkUku- 
they air of thir'e-dinu'nsioiiai proportions or extended in tlu! direetion of 
strikcY \vli(dii(‘r they occur at groat or at shallow dcqiths, wlndlKu* tludt' 
outline is W(‘1I defiiuvi or gradual, and so on. An obst'rver acapiaiutrd 
with tlu^ regional geologic* possibilities will bi! abk^ to arrive' rath(*r rapidly 
at a pix'liininary int('rpr(‘tation of th(*g(‘ologic significamu! of the anomalk's. 

Tli(' reliability of tliiNse preliminary findings is (‘nlianc{^d eoiisidt'rably 
if local g('ologi(‘ or g(s)physical information is availabk' from outcrops and 

J. K()(‘ii igHl)ergcr, A.A.P.O. lUilL, 14(9), 1222 (Sept., HRO). 
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A\"ells, or froai magnetic, seismic, and electric surveys. Even the pre- 
liminary interpretatioE of a torsion balance map requires close cooperation 
of the physicist and the geologist, or else the geologist must acquire a good 
working knowledge of the theory of subsurface effects (that is, he must be 
able to appreciate the physical possibilities), and the physicist must be 
familiar with the geologic possibilities to avoid misinterpretation of the 
results. In any event, it is advisable, wherever possible, to start a survey 
in an area where geologic information from outcrops, well records, or 
underground workings is available. 

The preliminary interpretation of an isogam or a gradient map will 
often indicate the need for a revision of the map by allowing for a regional 
gradient. How this correction is applied depends entirely upon the 
geologic situation. It is a trial-and-error proposition and may require a 
considerable amount of work, which, however, more than pays for itself 
in the quantitative analysis. The qualitative interpretation of such a 
corrected gradient or isogam map has as its first objective a delineation 
of the areas which are structurally high and low or which represent oc- 
currences of heavier and lighter masses. In this preliminary phase it is 
quite permissible to consider an isogam map as the equivalent of a geologic 
contour map. Subsequent quantitative analysis will then determine 
whether the gravity anomalies are due predominantly to one or several 
geologic features. It is evident that the deviation of the isogam map 
from the equivalent contour map increases with the number of effective 
geologic bodies or formations. 

Tiirther determination of the type of geologic body or structure produc- 
ing a gravitational high or low is possible by estimating its outline, strike, 
dip, and approximate depth from the anomaly. The outline is given by 
stations characterized by the longest gradient arrows, by a crowding of 
the isogains, and by small curvature values (located between stations with 
diffeumt directions of the R lines). The strike of geologic bodies may he 
expected to l:)e parallel with the trend of the isogams, at right angles to 
the gradient arrows, and parallel with (or at right angles to) the E lines. 
The dip of gc'ologic bodies is freciiiontly indicated by the isogam interval, 
the length of tlu' gradient arrows, and the magnitude of the R lines (com- 
pare, for instance, Fig. 7-99/i Avith Fig. 7-“99f). Regional dip is indicated 
by uniform magnitude and dircotioii of gradient arrows through consider- 
able distances. An indication of depth may loe obtamed from the rapidity 
of changes in the gradient and curvature values in horizontal direction. 
The type of change in direction and the nuigiiitiidc of gradients and 
curvatures in the direction of strike indicates to what extent geologic 
bodies may be considered two-dimensional. Fortunately, most forma- 
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tions and ore deposits are of two-dimensional character; thej allow repre- 
sentation of the field findings by gradient (or curvature) curves, and a 
somewhat more quantitative interpretation. The following rules apply 
in semiquantitative interpretation of anomalies due to two-dimensional 
and some three-dimensional bodies: 

(a) If but one density contrast is effective, the i^g curve is approximately 
parallel with the outline of the subsurface feature and the isogams represent 
approximately its surface contours. 

(h) The gradient arrows point toward the highest point of the sub- 
surface feature. Their magnitude is approximately proportional to the 
rate of change of subsurface density in horizontal direction. Maxima 
occur above points or areas of greatest dip; zero points occur above the 
lines of symmetry of anticlines, vertical dikes, and the like. When a 
gradient curve has only positive values, a subsurface feature rises in one 
direction only. The curve is symmetrical if there occurs a vertical face. 
Positive and negative values are observed in the gradient curve if the 
subsurface feature is limited across the strike. If the positive and nega- 
tive gradient anomalies are symmetrical, the boundaries of the subsurface 
feature are vertical on both sides or dip equally in opposite directions. If 
the anomalies are unsymmetrical, the two boundaries dip equally in the 
same direction (inclined dike) or unequally in opposite directions (anti- 
cline with unequal flank dips). 

(c) The (curvature) R lines are parallel with the strike of heavier sub- 
surface features above them, but they are small and perpendicular to the 
strike beyond them (see, for instance, the curvature anomaly of a fault 
block in Pig. 7-996). The magnitude of the lines depends in a general 
way on the curvature in the outline of the heavier masses below the surface ; 
or, if the outlines arc straight for short distances, on the rate of change in 
their direction. Hence, the curvature values arc greatest above the center 
of a dike or plug-shaped mass, above the crest of an anticline, or above the 
trough of a syncline. Zero points of curvature values frequently occur 
above abrupt subsurface changes from light to heavy masses. They 
coincide sometimes with points of hxaxiiniiin gradient, and vice versa. 

In semiquantitative interpretation, extensive use is made of ‘^type’' 
curves calculated for geologic features most frequently encountered, such 
as vertical and inclined faults, vertical and inclined dikovS and slabs, sym- 
metrical and asymmetrical antiedinos and synclines, and so on. How 
those are calculated is further explained below. An extensive fib' of sucli 
curves for a variety of depths, dimensions, and dispositions of geologic 
bodies is of considerable help in a preliminary analysis of torsion balance 
data and reduces the work required for a quantitative analysis. 
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Contrary to seiniquantitative analysis, quantitative analysis requires 
an evaluation of the anomalies by calculation in each particular case. The 
approach may be direct or indirect. The direct methods are applicable 
only where one geologic feature exists, where the geologic situation is 
simple, and where the geologic features have or approach the shape of 
simple geometric bodies. Direct methods make use of the magnitude of 
the anomalies in. gradients, curvatures, and relative gravity at the points 
of symmetry or maximum anomaly; or they utilize the abscissas of zero, 
maximum, minimum, or half-value anomalies to calculate depth, dimen- 
sions, and disposition of geologic bodies. The application of direct 
methods of interpretation is confined largely to mining problems and to 
ore bodies of simple character. Its application in oil exploration problems 
is the exception rather than the rule. 

Indirect interpretation methods are applicable in all interpretation 
problems. Their principle is as follows: From the results of qualitative 
and semiqnantitative analysis the assumption is made that a gravitating 
body has a definite shape, depth, and density. The anomalies of this body 
are then calculated and the results of such calculations are compared with 
the field data. The assumed body is then changed with regard to its 
different parameters until a reasonable agreement between field data and 
calculated anomalies is secured. This is a trial-and-error method, and 
fairly laborious; however, it has been very successful when applied with 
patience and supplemented by geologic data. It is the only interpreta- 
tion method that can be used w^hen a number of geologic bodies or forma- 
tions are effective. It is superior to qualitative analysis where sufficient 
geologic or geophysical information is available to limit the number of 
possible combinations of bodies capable of producing a given anomaly. 

In all semiqnantitative and quantitative torsion balance interpretation 
methods, it is necessary to know what type anomalies are produced by 
geologic bodies of a given shape, density, and depth. They may be cal- 
culated (1) analytically, (2) graphically, or (3) by integration machines. 
Regardless of calculation method, the fundamental relations are the same 
in all methods, but they differ depending upon whether they apply to two- 
or three-dimensional bodies and are derived from the expressions for the 
Newtonian and logarithmic gravity potentials given in eqs. (7-395) and 
(7-39c). It was shown before that gravity was obtained from these po- 
tentials by differentiation with respect to ; 2 . Likewise, the horizontal 
gravity component would be obtainable by differentiation with respect to 
r. Therefore, the gravity gradients and curvature values fallow by dif- 
ferentiation with respect to x and y, respectively, of the vertical (eqs. 
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[7-39c] and [7-39/]) and horizontal gravity components. Then the gradi- 
ents and curvatures are 

(a) for three-dimensional bodies {v = volume): 


= 3kS j" j J ^ dv = 3fc5 j J J ^ dxdydz 

V V 

U,, = 3k5 f f J^^dv = 3kS f J J dxdydz 

V V 

u.-aafjj 

V V 

2U^ = 3k5 f I j ^dv = 3kd [ j j ^ dxdydz 


(7-9 la) 


[h) for ixjoo’-dimensiomlhodae^ (S = surface): 

= 4^5 Jl ^ dS = dkkd ff ^dxdz 


Ur. = 0 


iUz'v* — 0 


■Ul = 2kd JJ dS = 2kd 


// 


2 2 
X — 2 


dx dz 


{7-m) 


or in ^olar coordinates: 

U.: = 2k5jf dS = 2ksjf drd<p 

s s 

-U[ = 2k fj dS = 2A5 // d<p. 

s s 


(7-91 c) 


2. Ill analytical 7nethods of mleryreiation, the abox’i^ equations ar<' usc'd 
for calculating the anomalies of bodies of simple goomiitric shap(\ To 
illustrate the development of these formulas, it is useful to begin with the 
simpler forms (point element, line element, spherical I)ody, cylindrical 
body), although it is, of course, realized that geologic bodies occurring in 
nature never have such shapes and rarely approach them. 

The gradients and curvatures of a point element are given by cqs. (7-66) 
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and (7“91a). In polar coordinates, = p cos a, y = p sin a, p - r eos^, 
and z ^ r sin so that 


yy , zpco^oc 3,j sin 2^ COS a 

Uxz = 3Mm -r — - -^Mm 

t;,. - 

r° 2 


I/a = c 


p cos 2a 




= -SMm 


cos (p cos 2a 


2U^ = 3kdn^~^~ = 3Wto 


cos^ Ip sin 2a 


(7-92a) 



]mo. 74)6*'/. ITfoot of three-dimensional mass on gradients and curvature rahios 

(after Jung). 

The following coneliisioiis may be derived from these equations: The 
torsion balance anomalies of three-dimensional m&ssm are (1) inv^ersely pro- 
portional to the ouhe of the distance, other things (horizontal and vertical 
azimuths) being equal; (2) proportional to the single horizontal azimuth 
for gradients and tlie double horizontal azinauth for curvatures; (3) pro- 
portional to the sine of the cknible vertical angle for gradiejits and the 
square of the cosine of the single vertical angle for curvatures. By 
comparison with (‘(]s. (7 -91(7.) and (7- 91c) it is noted that for two-dimen- 
sional featiuvs tiu' <'ffe(*ts arc inversely proportional to the square of the 
distance and to the siin^ and cosine of the double vcu'tical angle, dor the 
anomaly of a sphei’c, the same formulas ([7”-65], [7-91(3], and [7-92c]) 
apply by substitution of the total mass, M, for the cliff oreiitial mass, dm. 
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K. Jung^'^ has published a number of diagrams showing the effects of 
spherical masses on gradients and curvature values (see Fig. 7-Q6a). 
If C (= curvature) is an abbreviated notation for —UaJ2H and G- 
( = gradient) for Uxzj2k&, then the depth, D, to the center of the sphere is 


its radius is 


R = 0.949^C.„a^,.D = 0.823^G„.,,-Z). 


(7-926) 


For cylindrical disks, cones, and paraboloids of rotation^'® the curvatures 
and gradients for points on the axis are zero. Lancaster- Jones”* has 



Tia. 7-966. Rectangular iinsy in metrical slab. 


calculated the gradients and curvatures of a vertical line olenacnt and of 
a thin cylinder in order to arrive at a correction for the influence of trees 
in densely wooded country. For the development of graphical interpre- 
tation diagrams, the following relations for rectangular shabs arc^ of im- 
portance. If in Fig. 7-9G6 Zi is the depth to the upper surface, Z 2 the depth 
to the lower, Xi the distance to the south, and :r 2 the distance to tln^ north 
face of a rectangular slal) whose extension in the strike is given tyy ?/i 
toward east and toward west, and if distance's to the coriH'rs an? indi- 
cated by niiiTK'rals 1 to 4 in the east and by 5 to 8 in tin? W('st, iutc'gration 
of eq. (7-91 a) results in 

iisHandh. Exper. Phys., 25(3), 160-161. 

Ibid. 

ii^A.I.M.E. Geophysical Prospecting, fiOS'SOO (1929). 
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u^ = u log, \^i±yi ■ ±1^ . ^i±yi . ^±±y} 

In + 2/2 r2 4- yi rs + yi rg + ys_ 

n + xi r 4 + xz n + xt n + xi 


Uyz — kS log, 
Uxy = kS log, 
-Ua = 


n + Xi Ts + n + X2, 

n +■ 21 Tq + ;g2 n + g2 T 7 + Zi 
T% +-22 rs + 251 rz + 2i rs + Z 2 






tan' 


-ly^ 

xin 


X -lX^Z2 , ^ -iVlZi 

tan — -f- tan ~ 




tan 


X 2 H 


-1 X 2 Z 1 
Vin 


(7-92c) 


, , , -iXiZi , , , -irci22 

+ tan - — — tan — - + tan — - tan — 
yzTs xin yiH 


- tan- »15 + taa- - tan- + taa- ^ 

xin yiTi xin y%rQ 

4 . -iyiZ2 , . ~lX2Z2 , -1 2/2 2^1 , , - 1 X 2 Zil 

— tan — — h tan — — tan — + tan — . 

X2r4 yiu 1 / 2 X 7 ] 


When the slab is symmetrically disposed in respect to the profile plane, 
2/ = == -2/2 , n := n , T2 = n , Tz = n , and n = n; the Uxy and Uyz 

components ranish and the gradients and curvatures become 


cr„ - B log. . lAl 

Si - y '^2-t y rz + 2 / n - y_ 


Ua = 2 ks\ta.xr^ ^ 

. -1 :C2^2 

— tan 

tan- ^ 

4- tan- 

L 

yxi 

X 2 rz 

yn 

+ tan-^ 

- tan- - 

tan- 

+ tan-‘ 

XI Ti 

yri 

X1T2 

yn. 


^ (7~92d) 


It is convenient to consider the gradients and curvatures due to a hori- 
zontal lino of limited strike extent since this gives the possibility of deriving 
an apprcjximate formula v+iich will indicate when it is permissible to con- 
sider a thro(^-dim(msional filature as two-dimensional. If p is the radius 
vector from the station to the line of the section dS in the profile plane 
and if ±: h is its extension at riglit angles thcretOj then Uy >2 and 2Ux’y' 
are zero, and the gradient and curvature component fallow from integra- 
tion of eq. (7-91a) and series expansion of the expressions involving 
r = 6(1 + 
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where E is the radius of the cylinder. Fig. 7-97 illustrates the action of 
a horizontal cylinder in the form of lines of eq[ual position for a given effect 
on gradients and curvatures. It is seen that the curvature is insensitive 





Fig. 7-08. T^v'o-diiiionsioiiiil bodies: (a) eyliador, (6) slope, (e) symmotrical aiiti- 
eliiio, id) syrnniotrical syncliiie, (e) i iiolinocl diko, (/) TC'rtioal stop, [g) 
slab, (//) infinit(' v('rtir;i,l dike. 


to masses 45"^ below the horizon and most sensitive to those directly be- 
neath and in the horizon. The gradients, on the other hand, are insensi- 
tive to masses in the horizon and directly below, and most sensitive to 




260 


GRA.VITATIONAL METHODS 


[Chap. 7 


masses 45° below the horizon. The gradient anomalies of two- and three- 
dimensional masses are therefore quite similar in respect to vertical angle 
and differ only in regard to distance power. In the curvatures, an exten- 
sive strike dimension produces sensitivity in the vertical direction in addi- 
tion to that in horizontal direction. The depth to center, D, and radius 
may be determined, as in eq. (7-926), from the relations^^® 

D =xc,= 1-73xg„„. = 0.578:rc„,^. 

E = 0.564 Vci^.-D = 0.700 a/G^..Z), 


I (7-936) 


where Xc^ is the abscissa of the point of zero curvature anomaly (see 
Fig. 7-99). 

Other two-dimensional features are illustrated in Fig. 7-98, such as 
anticlines, synclines, inclined dikes, vertical steps, slabs, and vertical 
dikes. Their anomalies may be calculated readily from those of a slope 
(Fig. 7-986). The calculation involves essentially the integration of 
formula (7-916). For the gradient this may be written, with the notation 

of Pig. 7-986, U^'^ = 2kd J zdz j 


w^here a: = a;o on the sloping 


edge. Using rl = xl -{■ \p — a — (po , d(po = ds sin a, and dz = ds 
sin a, we have Uz'z = 2/b5 j depa sin a sin 990 /sin or U^'z = |^2 sin^ a 

— sin 2a{(p2 — 931 )”]. Thus, with the dip angle i = it 


r\ 

n 


similar analysis for the curvature, 
Ux'z = 2 /c 6 sin i 


sin i loge — -|- cos i{p 2 

Tl 


— Ua' = 2k8 sin i 


sin i{p 2 


~~ 91 ) J 

(fi) - cos £ log, - . 

rj 


Kj and 


(7 -93c) 


For direct interpetation it is useful to know" that the center b( 3 tw'ecm 
the extremes in the curvatures is situated above the eeiitcir of the sub- 
surface slope. With this point as origin, the abscissas of the maximum 
gradient and curvature valucis are given by 

(D - df 
2:0 


For complete depth and dip detcuminations, diagrams have been con- 
structed by Jung.^^^ 

116 Jung, Zeit. Geopliys., 3(6), 267-280 (1927), 

117 Ibid. 
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Above an extended slope (see Fig. 7-99) logs ^ — 0 and 
so that 

Ux’z = Ttbir sin % 

— = 2A:5ir sin* i. 


Pi 


(7-93d) 










Fi(j. 7~\)\\f /. CiradioiitH and curvatiiros for iw’o-di mens io mil [‘(latures, (‘ontiiiiK'd 
(nftor Jiing) . O = Gradient, K = cui’vaturo valiu*. 


For small angles sin / i] tlicTofon^, th(^ gradi(ait on extriidcnl slop(‘S is 

f = 2Uiri = 7.352^^ E.IJ., (7~ 93^) 

which is a usoful formula for correlating regional dip and regional gradient. 
In all these formulas, 5 signifies, of course, difference in density. If i is 
(expressed in radians, the coefficient in eq. (7“-93e) is 419 E.U. 
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In the calculation of symmetrical anticlines, the curvatures due to two 
opposite slopes given hy eq. (7-S3c) are added and the gradients sub- 
tracted so that 


T \ 

Ux’z = sin i sin i log, — (- cos — $ 2 ) 

7*2 


— Ua' = 2kd sin i j^siii 
For a symmetrical sjncline, 


^ 2 ) — cos Z loge 

^3 


(7-93/) 


Ux'z = 2k8 sin 


in i sin i log« - 

L ^2 

i j^sin i 


cos z(4>i — ^> 2 ) 


— Ua' = 2A5 sin i sin +- + cos i loge 


] 

rll 


(7-93p) 


It should be noted that in Figs. 7-98c and 7-QSd ^ stands for difference 
in angle. K. Jung^^^ and H. ShaAv^^^have calculated a number of diagrams 
to assist in direct determinations of the characteristics of anticlines and 
synclines from gradients and curTatiire values. 

To obtain the gradients and curvatures for an inclined dike as in Fig. 
7-98e, two slopes (eq[. [7~93c]) are deducted from each other, so that with 
the notation indicated in the figure, 


Ux'z = 2kd sin i 


— Ua'== 2Msin 


sill i loge + cos f((p 2 — — <P4 4“ <pz) 

rif4 


sin i(<p 2 ^ “ <^4 H- v’s) ” <‘Os i loge 


r2n 

ri?'4j 


(7-93A) 


Usually the depth extent of the dike is c*oii.sidcu’al)l(', so that 


f/: 


x'a = 2k8 sin i j^sin i logc^^ + cos z(v?3 — v?i) J 
Ua' = 2k8 sin i j^sin “ v’l) — cos i logv . 


If the gradient at the' origin (a* = 0 aliovo the c*entc‘r of the up[X'r fa(*e) 
(see Fig. 7-99) is Go = G.nax. + G„nu. and if the eurvature Co = 
Cmax. 4" Cnun. , thcii cotaii i — Cq/Go, aiid Go = 4 sin 2i% ($>o = ^ for 
^ = 0); (i = ('iv/2) CO tan <IV2. For the last rale illation, special diagrams 


118 Ibid., 3, 257-280 (1927); 6, 238-252 (1929). 

H. A.I.M.E. Geophysical Prospecting?, 336-366 (1932). 



264 


GRAVITATIONAL METHODS 


[Chap. 7 


using the distance between the extremes in gradients and curvatures have 
been constructed by Jung. The dip angle may also be calculated from 
the ratios of gradient maxima and minima. The direct interpretation 
of torsion balance anomalies of vertical and inclined diies has been dis^ 
cussed in detail by H. Shaw.^^® 

By letting i = 90° in eq. (7~93c), the gradient and curvature anomalies 
of a step with a vertical face (fault, escarpment, or the like) are obtained. 
With the notation of Fig. 7'-98/, 


= 2U log - 

ri 

— U A' = 2kdC<p^ — ^i)- 




The upper and lower depths follow, therefore, from the amplitudes and 
abscissas of the extremes in gradients and curvatures, thus: 


logio ^ = 0.438Gmax. 


(7-94t>) 


The anomalies of a block with vertical faces, as in Fig. 7-98(7, may be ob- 
tained by subtracting two faces, as in cq. (7-94:a) or by letting i = 90® 
in formula (7-93 A). Then 


Ux'z = 2A5 log, 


rm 

riTi 


-'Ua' = 2M{(p2 — 


ipi — <^4 


+ V’s). 


(7-94c) 


For direct interpretation, it is helpful that the curvature at thfi symmetry 
point, a: = 0 , is equal to twice the angle subtended b.y the upper and 
lower edges. Hence, C,^ax. == , whore v’o = {<pi ~~ = ((p<\ - 

The complete determination of depth and outline is possibles by means of 
diagrams constructed by Juiig.^^^ 

When the dike is of infinite depth extent, n and <^4 ^ , so that 

with the notation of Fig. 7-9Sk, 


U.’, = 2kd log. -- 

ri 


(7-94c^) 


-Ua' = -2fcS$. 


^‘0 Ibid. 

“1 Zeit. Geophys., 3, 257-280 (1S27); 6, 238-262 (1929). 
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Since Cmai. = and Xq , the depth and the width, according 

122 

to Jung, are 


and 


d = To cos 


^0 


w = 2ro sin 


^0 
"2 * 


(7~94e) 


It is possible to approximate the outline of two-dimensional masses of 
irregular shape by using a polygon with straight sides and applying formula 
(7“93<j) repeatedly, as proposed by Matuyama and Higasinaka/^* How- 
eYer, it is easier in such cases to use the graphical methods described in 
the following paragraphs. 

3. Graphical interpretation methods make use of diagrams containing 
mass elements in section or plan view in such an arrangement that their 
effect on a station (0-point) is identical irrespective of distance or azimuth 
(see also pages 153 and 227). For three-dimensional subsurface features of 
moderate relief the diagrams calculated by Numerov, discussed on page 
228 and illustrated in Figs. 7-78a and 7-786, are applied in connection 
with subsurface contour maps, and strips bounded by successive contours 
are evaluated. Then the height of the instrument above ground f cor- 
responds to the depth, Z), of the effective geologic feature beneath the in- 
strument. The mean “elevation^^ of a contour strip with respect to this 
point k h = D — d where d = (di -h d%)/2j or the mean of the depth values 
of two contours, h is the density contrast. If iic is the number of elements 
comprised by a contour strip in the curvature diagram and the cor- 
responding number in the gradient diagram, the effect of one strip, (sub- 
script Bt), is 


{-Ul)u = 5-nc-(Z) - d). 


I (7-95a) 


For determinations of ? > and 2lJ:cy the diagrams are rotated 90° or 45°, 
respectively, as in the terrain applications. For steep slopes of subsurface 
features the accuracy of horizontal (contour line) diagrams is insufficient, 
and vertical diagrams such as shown in Figs, 7-82 and 7-83 must be 
applied with geologic sections through the geologic body in a number of 
azimuths. Altliough the diagrams under discussion have been calculated 

12^ Japan. J. Astron. and Geophys., 7, 47-81 (1930). 
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for sixteen azimuths, they may readily be modified for fewer directions by 
changing the azimuth factor in eq. (7-88). These diagrams are particu- 
larly suited for the calculation of salt domes, cap rocks, irregular ore 
bodies, mine cavings, and the like. Certain two-dimensional diagrams 
are applicable to such geologic features as domes or anticlines if a definite 
variation of strike extent with depth of the elements (Barton) is 
incorporated. 


Max 



Fig. 7-100. Orientation of tvo-dimensioiial interpretation diagram (Fig. 7-796) for 
gradients and curvatures (after Jung). 

Diagrams for two-dimensional bodies are readily calculated, since their 
surface effects depend on section only. Calculations are a minimum with 
cylindrical coordinates. Integration of eq. (7-91c) gives 


- —M logfl '"^■^^(co 8 2< — cos 

Va> = -M loge - sin 2<p^) 


(7-l)5f>) 


for an clement bounded by radii ?'n ^^iid and angl(\s v^m <^^ 4-1 
in Fig. 7 -796). A comparison of these equations with tlio last two in (‘(j, 
7-86 shows tliat tlie curvature terrain diagram of Fig. 7 -796 may l)Ci u.S(ul 
for calculations of gradients and curvatures of two-diraensioual masses. 
Eq. (7-956) indicates 45° symmetry and therefore^ tlic' orientation for 
gradients and curvatures differs by 45°, as shown in Fig. 7-100. Flic unit 
effect is I E.IJ. For evaluating horizontal or nearly liorizcjutal forma- 
tions, it is more convenient to arrange the mass elements along horizontal 
lines and therefore base the calculations on formula (7-94c). In a form 
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better suited for determming the Tertical boundaries of mass elements in 
a horizontal bed this may be written 



Fid. 7-101. Intc'rpnOation diagram for two-di monsioiial features (after Barton). 


Diagrams based on tlieso ecjiiatioiis are shown in lfig;s. 7-101 a and 7-1016/^^ 
III the caleulatioii the viutieal si'qnonce of formation boundaries is dotcr- 
iniiied l)y the assumption that 2^+1 = (10/9)2„. Thorefort^ in semilog' 
arithmic ix'presentatioii, as in the figure, the vortical formation inter\'al is 

D. O. Barton, A. LM.E. Geophysical Prospecting, 489 (1929). 
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constant which, however, necessitates a replotting of the geologic section 
to that scale. A limited strike extent proportional to depth (as in salt 
domes and anticlines) may be introduced as shown in Tigs. 7-1 01c, d, e, 
and/. Calculations of the anomalies are then based on formulas (7"92c?) 

4. Planimeter and integraph methods may be used for the calculatioi 
of torsion balance anomalies from known or assumed outlines of a geologic 
body. Since, according to ec^. (7-91c), the action of a two-dimensiona 
feature depends not only on area but also on distance and vertical angle, 
the area to be evaluated must be replotted to suitable scale before a regular 



Fig. 7«102a. Scale distortion in Below-Jung planimeter interpretation method for 
two-dimensional bodies (after Jung). 

planimeter can be applied to give the torsion balances anomaly (Below 
method, see eq, [7-446] and Figs. 7-46 and 7-47). To convert tli(3 
double integral in cq. (7-9 Ic) into a surface integral independent of azi- 
muth and distance, the substitutions R for V" 2 logc p, 4 for ^ sin 2(p, and 
J cos 2(p, respectively, are necessary so that the gradic'.nts and curvatures 
are proportional Jj R d^dR after the scale distortion has been a(‘(‘om- 
plished, as shown in Fig. 7“102a. 

A direct evaluation of gravity integrals without scale dutortion is pos- 


125 Jung, Zeit. Geophys,, 6(2), 114-122 (1930). 
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sible with the instrument illustrated in Fig. 7-102i. It gives the surface 
integrals 

■' 4 ^here the apparatus will take multiples up to n == 3. The first integral 
ipplies in. the first deriTatives of gravity (horizontal and vertical gravity 



American Aikania Corf, 


Fig. 7-1025. Torsion balance interpretation integraph. 


Table 34 

APPLICATIOK OF aHATITY INTEGRAPH 



1* 

Quantity 

dim. j 

Quantity 

•titip 

Quantity 

Pendulum; 

Gravimeter 

2 

2 

3 ' «: J J sin ^ dv? dr 

d U /> f 

J J cos <p d<fi dr 

3 

3 

dU p r 

— sin 2<p dp dr 
dz 

eu f f 

— cc cos 2<p dp dr 

dr 



Torsion 

3 

Uxz cc jjaiaepdip — 

2 

r/* 

Ux'z ^ J J sin2(pdp — 

3 

Uxt ^ //sin 3^d!4^ — 

Balance 

3 

Ux o: J j CQ3 (p d<p — 

2 

^ ^ j cos2<p dp — 

3 

“^ // cos 2pdip^ 


coinpoiK'nts); tiu; second in the second derivatives (gradients and curva- 
ture values). Tli(‘ factor n depends, among other things, on whether the^ 
integral a])pli<'s to a two- or three-dimensional body as illustrated by 
Table 34. For tlii'ee-dimonsional bodies the volume integrals are reduced 
to sinfae(i integrals by evaluating the sections of geologic bodies in various 
azimuths, plotting the effect as a function of azimuth (polar diagiam), 
and evaluating the resulting area with the same integrometer. 


270 


GUAVITATIONAL METHODS 


[Chap. 7 


With one of the integrations carried out, the gradients and curvatures 
as measured by this instrument are, therefore, for two-dimensional bodies: 


Ux'z = / / sin 2p dip — = k§ I — (cos 2<pi — cos 2 ^ 2 ) 

Jri *'<pi T Jri T j 

f [ COS 2p d(p ™ /* — (sin 2(/?o — sin 2ipi) 

Jri Jfi r Jri r 


Ua' = 2U 
and for three-dimensional bodies: 


(7-966) 


/•«2 rri 

Uzz - 3A:5 / / / cos a da (sin <p — sin cp) d<p -- 

J oti J VI J ^ 

= kd I cosadck:/ — (-l-cos 3^1 -}" — ■|'COs3(^2 — f-cos^^) 

<Ja 1 *' n T 


Uyz = same with sin a instead of cos a. 

i*a.2 i>V2 


l*a.2 rvi fr2 

I7a == { cos2ada^cos^<pd<p-~ 

Jcti Vi J^i 

= ikd cos2adal ~(isw(fi2+isin3(p«—isinipi—isw3(fii) 

J ai Jri r 


k7-96o) 


Vxy = same with sin 2a in place of cos 2a, 


The mechanism of this integrapli is enclosed in a circular cas(‘ and 
pivots about a point near the supporting base, this being ccpiivalent to 
rotation about the angle p. The variation in th(‘ r direction is brought 
about ))y radial motion of the pointer touching the board, which l)y a 
rack and ]3inion mov{‘mcnt rotates a keyed sliaft shown in tlu' center of 
t lie arm assc‘m})ly. This instrument is probably th(‘ most advanc<d irnuuis 
for a rapid determination of torsion balance an<)iuali(‘s and has an ac- 
curacy of 1 to 2 per cent. A simple integrapli for thee evaluation of two- 
dimensional features has been eoiistrucded by Gamburz('ff.^‘^*^ 


G. Discussion of Torsion Balanuu JIesults 

1. MmsurcvimU on lakes. The logical approach to th(^ v(u*i&(‘ation of 
the theory of subsurface effects discussed in the; pre(‘cding sc^etion is a 
measurement of the anomalies due to known siibsurfacic mass distributions. 
Alost suitable for this purpose are frozen lakes, whose bottom contours 
are usually well known from soundings. Alcasuixinicuits on the; lea? are 
readily made. The instrument can be moved fiom on(‘ point to an- 
other on skids, and terrain corrections are usually ii(‘gligil)l(\ h]6tvos, 


‘26 Oerl. Beitr., 24, 83-93 (1929). 
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himself, was the first to realize the merit of lake measurements.^^^ Even 
before he had developed his double gradient and curvature variometer, 
he surveyed thirty-three stations on the ice of Balaton Lake in 1901 and 
twelve stations in 1903. Similar measurements were made in 1924 by 
Holst in the Black Borest on Lake Titi. This lake is of glacial origin. 
Its greatest depth is 39 meters, and the bottom formation is gneiss covered 



by a thin lay('r of morainal material. Th(‘ ol)servecl torsion balance 
anomalies large because of the. large density differenee betwi'oii water 
and rock (1.7). Sine<‘ the lake pmfile was Avell known from soundings, the 
observed indiealions could Ix' <‘ompar<d with tliooretical anomalies (calcu- 
lated by m(‘aii.s of tlui slope formula [7 -93c]). 

R. V. Lotvort, Jlesutl. wiHH . Erjomch. Hakilonmu’s ^ Vol. 1, Goopliys. Appendix 
(1908). 

128 E. HolKt, Zeit. Geophys., 1, 228-237 (1924-1925). 
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Fig. 7“103 illustrates the results of very careful measureixients made by 
B. Ntimerov^^^ on Lake ShuTalovo near Leningrad, which proved to be a 
suitable study object since its maximum depth is only 13 meters. In its 
middle a sand ridge comes within 1 meter of the surface. There is an 
almost complete identity of the isogams and isobathic lines. Since in the 
formula Lg = the factor 27rfc is equal to 42 E.XT., the variation in 



depth of the lake bottom may be predicted from AA == AAfp I()V425. 
The density difference was one. An anomaly of 1 .37 milligiiKs corn^spondecl 
to the sand bank previously mentioned, 

2. In oil exploration the torsion balance has found undoubtedly it.s 
greatest commercial application. Its possibilities for mapping sul)surfii(*c‘ 

^29 B. Nuxnerov, Zeit. Geophys., 6, 276-289 (1929), 
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geologic structure were realized at an early date by Hugo von Boeckh.^^® 
who gave an interpretation of some of Edtvos’ earlier surveys and sug- 
gested to him and his assistants the study of oil structures. Fig. 7-104 
illustrates relative gravity values calculated from torsion balance measure- 
ments for a profile in the Maros Talley in Hungary. It is seen that the 



jrravily iuiaiiii:i (‘orrcspoiid rlosely to Mk' u[)lifUHl poHitions of the salt 
l)<‘(ls Mild to tli<‘ sail aiiluTiiK's. 

Following; I^MH-ckh’s pul ilication, atti'iiipls \V(*r<‘ iniuh' in oth<T European 
eountrirs to utilize tin* torsion halniKM* for the* mapping of salt domes 
and salt .ant idiiics. hi IhlT W. Sdiwiydar" ohsorved ilu‘ gravity gradh 

IJ_ V. PxuM'kh, in-t rolxuiii, IZCIS), K17 H2‘^ (11)17)- 
o'*! \V. Scfiwcvflitr, Zeit . Puikt. GcoL, 26 , ir)7 102 {^ov., 1918). 



274 


ents oa the Nienhagea-Haenigsen salt dome aad oil £eld (northern Ger- 
many) and found them to be larger oa the west side because of the steep 
dip of the Mesozoic beds and the overhang of the dome. The Wietze oil 
field of northern Germany was studied extensively with geophysical meth- 
ods. Fig. 7-105 shows seismic refraction profiles, the outline of the dome 
deduced from them, and the results of torsion balance and pendulum 
measurements. The outline of the dome given by the torsion balance 
checks closely with that furnished by the seismograph. 

Another north German structure studied extensively with seismic-refrac- 
tion, electrical, magnetic, and torsion balance methods is the Lubtheen 
salt dome, whose section is well known from borings and potash mines.’^^ 
As shown in Fig. 7-106, the outline of the dome is very well indicated by 
the gradients and curvature values. Contrary to Gulf coast experience, 
no gravity maximum occurs, despite a well developed cap rock. The 
main purpose of the survey was to determine the extent of (potential 



Fig. 7-104. (.iravity iinoiualics on salt anticlines in the Maros \'all(\v 

V. Boeckh). 

oil-bearing) M(.\soz()ic strata around tlu' d()ni(\ These si rata ar<' vvc'll 
developed on the c'ast flank of the dona^, giv(‘ ris(‘ to a r<‘\^(‘rsa,l of th(‘ 
gradients, and are estimated to bo about 500 n)(‘t('rs wide' th(‘r(‘. TIkw 
broaden on the north flank to 700 nuders, incnuusc^ to 1300 in(‘l(o-s width 
in the nortliwest, but they are tluni reduced e()nsi(l('ral)l\" on tln^ wi^st flank 
of the dome. Torsion balance work in riortlKUTi (hn'uiany lias biMUi (‘on- 
tinued and supplemented of late hy gravimeter ol)s<'rvati()ns. Tig. 7 T‘ 
shows the torsion balance results for thc' d(M'p-seai(‘(I doini' of Sidiiu'idK'iuc , 
whoso gravimeter aiunnaly was previously illusti-aic'd in Fig. 7 r> 0 < 7 . 

In llussia, B. Numerov^'^'^ made a study of the salt (l(‘])osits lunar* Holi 
kamsk in the northern Urals and correlated the torsion bahuifu' anoiualh 
with wx‘ll data. The variation of gravity anomaly w'ith salt ch^pth . 
Fig. 7-108) was found to be linear. Numerov us(d an (‘(juatioii denuved 

H. Seblatiiigg, iMeckleiib, Geol. L.-A. Mitt., 49-58 (1930). 

'■^3 B. yumerov, Zeit. Geophys., 6 ( 7 ), 261-265 (1929). 
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preTiously in conaectioa with his experiments an Lake Shiivalovo to ex- 
press the above relation. The difference in density between salt beds 
and overburden was assumed to be 0.35. 

From 1925 to 1928 extensive gravity measurements were made in the 
Emba district on the northeast shore of the Caspian Sea.^^^ Numerous 




'iG. 7-105. i-of rap lion depths, soisriiio outline gravity gradients, and gravity 

profiler oil Oldau-Hanihiudirpii (Wietzii) salt dome in northern Germany. 


Jt domes liav(^ biHui discovered there by the application of geophysical 
.hods. It ii]:)p('ars that the whole region between the Ural and the 
V^oiga riv( 3 r.s is fairly studded wi^h salt domos. The Soviets estimated 
that by 1934 th(\y had discovered more than 490 salt domes by geophysics. 


134 Ibid., 268 - 270 . 
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Fig. 7-109 shows a small portion of this region between the oil fields of 
Dossor and IsMn. At Dossor, where the depth to salt is of the order of 
400 meters, the gravity anomaly is 31 milligals. Other domes in this area 
produce anomalies of the order of 15 to 25 milligals. Since 1935, detail 



Fig. 7-106. Torsion bnlanco results and si'clion, I .iilif hecn -Jc.ssc'nif /, 

cloirn^ (afU^r ^S(*l)laini^l;^) . ^ 

work on the geophysically^ discovcn*ed domes has been un(I('r wny with 
torsion balance and reflection soisinograph. 

In another salt dome country, Rumania, the torsion hahuico. has lik' 
wise been very snccessful. The first measiirenaents tli(a’e w(‘rc ])r()hal)i 
made by W. Schweydar in 1918. Geophysical work of increasing scab 
was then initiated by commercial companies. In 1928 tluj Geological 
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Institute of Rtimania began a study of various salt domes and anticlines. 
The Flore^ti salt dome^^® was surreyed with various geophysical methods. 
It was found to produce a negative magnetic anomaly of the order of 40 
gammas and to show distinctly in equiresistivity surveys. Fig. 7-110 
represents the gradient and curvature values along a profile across the 
dome, which is of the mushroom type and is covered with only about 20 
iiieteis of terrace gravels of the Prahova River. Further studies of this 



Fro^7-107. TorKioii })alance res lilts on (doe p-soatcd) dome of Schneeheide, northern 
(Im'inany. (Compare with Fig. 7-50a). 

ind adjaiMMit donu's and anticlines wore made in siibsoqueiit years by the 
d.mruiiiiaii Ch'ologic'al Iiustitute.^^® Among those investigated were the 
.enies of Baiiaii-Tintea and the anticlines of Bucoviil, Filipe^ti, Novace§ti, 
and others Ploe^ti and Targovi^te. 

The torsion tjalanoe was introduced in this coiintiy in September, 1922, 
id us(^d in an (experimental survey of tlje Spindle Top salt dome in De*- 
nnl)cr, 1922. The Nash dome was the first to be discovered hy the 

M. Ghituliisco, 2iid Congr. Internat. de Forage (Paris, 1929). 

‘3*' I. Gavat. Inst. Oeol. Koumania Ann., 16, 683-706 (1934), 
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torsion balance in the early spring of 1924. The results of the reconnais- 
sance torsion balance survey were published by Barton. The dome is 
of the “shallow’’ its cap coming to within 750 feet of the surface, 
and it is characterized by a positive gravity anomaly. In the same year 
the Long Point dome was found with the torsion balance; in 1925 the 
Allen, Clemens, and Fannet domes were located. A study of a previously 
known dome, Hoskins Mound, was made in 1926 with the object of deter- 
mining the shape and approximately the sulfur reserves of the cap, which 

comes within 700 feet of the surface and is 
about 500 to 600 feet thick. The inter- 
pretation of the torsion balance data (Fig. 
7-111) by D. C. Barton^^* is shown for 
various cap rock sections in Fig. 7-112. 
The estimated accuracy of prediction was of 
the order of 10 per cent; larger deviations 
may occur, since the interpretation furnishes 
a smooth cap-rock surface while the depth 
given by drill may correspond to a depres- 
sion or crevice in the cap. On the Belle Isle 
dome, St. Mary’s Parish, Louisiana, agree- 
ment between prediction and drilling was 
not nearly so good as at Hoskins Mound 
because of unfavorable (marshy) terrain. 
According to Barton, the prediction of depth 
to top of cap rock was 33 per cent correct 
and prediction of its thickness only 58 pen* 
cent correct. The specific gravities as.sumod 
in the calculations wore: 2.2 for the salt and 
1 .9 to 2.5 for the sediments down to 1600 feet 
depth; from 1600 to 4400 feet, the density 
of the salt wasassunmd to be the same as that 
of the surrounding sediments. Torsion bal- 
ance results have been piibli.shed for several 
other shallow Gv\U coast domes. The BIiu^ Ilidgc^ doiiu! shows tlu! familiar 
pattern of gradients, indicating a gravity niaximum (;v{'r llu^ cap rock, 
which comes within 100 f(‘(it of iho surface. Th(‘ Moss l^luff donu'/'^^ 
whose cap is at a depth of 650 feet whih; th(‘ salt is at a (hplh of 1 170 

D. C, Barton, A.I.M.K. r;cf)phy.sieal Prospecting, 410 4()() (1020). 

138 A.I.M.E.Tech. Piibl.,719 (1936). 

i3i) 1>. C. Barton, A.A.P.d. Bull., 16(11), 1335-1350 (Mov., 1031). 

Jack Logan, Oil Weekly, Oct. II, 1029. 

141 J. B. Eby and R. P. Clark, A.A.P.(^. Bulk, 19(3), 356-377 (March, m5) . 
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Fig. 7-108. Relution of grav- 
ity anoinalios and salt depths 
in Solikamsk district, Russia 
(after Ishimerov). I, north of 
Solikamsk; II, south of Solik- 
amsk; III, near Berezniaky. 
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feet, is indicated by a maximum, surrounded by a minimum, due to the 
increase in section with depth. Results of fan shooting across this dome 
are illustrated in Fig. 9-38. Faimet shows a typical maximum but no 
minimum, and it is assumed to be a dome of nearly vertical sides. The 
pattern of gradients and curvatures is quite regular; depth to the top of 
the cap is about 900 feet. Clark and have also illustrated the mag- 



Eicj. 7-109. Gravity anoinalios between Dossor .and Iskiii, Eraba district, Russia 

(after Niitnerov). 

netic results for this dome (negative anomaly of about 20 to 25 gammas). 
The Sugailnnd doni<‘, for which the torsion balance rt'sults have been 
piihlLslud l)y th(“ same authors, is an oxanrph^ of a dome of muderale depth, 
vs-hich shows a largi? iiiiiiiinum and a small maximum. The top of the 
cap Is at a depth of about 3500 fevt; salt was encountered at a depth of 
•1280 feet. 

Ibid. 
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Gravity minima alone are observed on deep-sesited domes (depth to cap 
or salt, 5000 feet or more). An example is the Shepards-Mott dome illus- 
trated in Fig, 7-113. No salt was encountered at depths of 6000 feet. 
The regional effect is quite large and keeps the gradients from showing 
the typical reversal. The reflection contour map indicates a closure of 
1400 feet. A well-defined gravity minimum has also been found on the 
Tomball field, showing good closure with and against the regional dip but 

weak closure in the direction 
of strike, as is the case in other 
domes along the Conroe trend. 
No evidence of salt has been 
found by drilling. 

Fig. 7-114 illustrates the 
gravity picture of the Esperson 
dome (discovered hy the tor- 
sion balance late in 1928^^*) 
and the geologic section as- 
sumed in the interpretation 
calculations. The gradients 
are of the order of 2 to 7 E.U. ; 
the gravity minimum on th(‘ 
left is due to the Esperson 
dome. Because of the inter- 
ference from the salt mass of 
the adjoining South Liberiy- 
Dayton dome, a inaxiinum is 
produced betwcMui th<‘ni. In 
th(‘ calculations, the average* 
(h'lisity of salt was assumed 
to be 2.1^) and that of the cap 
rock 2.(). For tin* s(‘(liin(3nts 
the assumptions vv(‘r(‘: from 0 
to 300 le(‘t, 1.0 to 2.05; from 
20(30 to 4(J0() r<'(‘t, 2.20; from 
4000 to 8000 feet, 2.25; from 8000 to 12,000 feet, 2.3. 44iis r<‘sult s in t li(‘ ap- 
parent salt-density differences indicated in the figuia*. 1 1 is s<‘( ‘ii t hat a grav- 
ity maximum above a donui may be duo not only to tli(‘ efha*! of tin* cap hut 
also to that part of the salt which exceeds the density of the* surrounding 
sediments, Siu*h interdomal maxima, as reveakal by this survey, may be 
a source of interpretation difficulties. As a matter of fact, inaxiina of this 



Fig. 7-110. Torsion balaiKn' iiiiouialio.s on 
Tlore§ti salt cloino, Huinani a (after (J hi tulcsco) . 


1^3 D. C. Barton, A.A.P.O. Bull., 14 ( 9 ), 112t)-H43 (1930), 
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type vere first confused with the cap effects of moderately deep domes. 
Drilling these produced only negative results. As shown iu Fig. 7-114, 
interpretation of the Esperson anomaly gave 6000-8000 feet for the top 
of the salt. It was actually encountered later at a depth of 7000 feet. 

In oil exploration the torsion balance has been equally successful in 
surveys of nonsalt dome-type structures, although fewer results have been 
published. It was recognized at an early date that anticlines and domes 
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7-111. Torsion balance gradient survey of Hoskins Mound salt dome (after 

Barton). 

Avith heavier material in their cores would give rise to a positive torsion 
Lalance anomaly. Fig. 7-115 shows the results of a survey made in 1915 
to 1916 on the Egbell antidiiie by Edtvos and his associates. The oil 
occurs in the Sarmatian formations near the surface; denser Eocene and 
Paleoceiie formations are assumed in the core of the folds. While the 
maximum on the Egbell anticline is well defined, the Sasvar dome shows 
only as a terrace siipcriniposcd on the regional gradient. Subsequent 


See footnote 130. 
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Fio. 7412. Sections of Hoskins Mound salt 
dome, showing comparison of torsion balance 
predictions and results of drilling (after Bar- 
tonb 


torsion balance work on an- 
ticlinal structures has been 
more extensive than the pub- 
lished accounts would indicate. 
In 1919 and 1920 H. Schumann 
conducted torsion balance 
measurements in the Vienna 
Basin to determine potential 
oil structure in the Sarmatian 
formation and to trace the 
Leopoldsdorf fault. A por- 
tion of the torsion, balance 
surveys made on Russian oil 
structures has been published 
by Numerov;^^® gravity anom- 
alies in the Grozny oil field 
(Caucasian fold zone) are 
shown on the resistivity map 
of rig. 10-67. The Grozny 
and Terek anticlines are in- 
dicated by gravity maxima. 
Results for the Rumanian 
fields have been discussed 



Fig. 7-113. Shepards-Mott dome, reflection seismic and torsion balance survey (after 

Clark and Eby). 

R. Schunaann, Montanistische Rundschau, June 1, 1923. 

“8 O'n. cit„ 271. 
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"by Gavat;^^^ for aaticlines in Persia, by Jones and Davies. A recon- 
naissance torsion balance survey across the Port Collins anticline was 
described by John Wilson 

That the torsion balance is ideally suited for the mapping of the to'pog- 
raphy of haseTnent rocks was first recognized by Eotvos himself, whose 



Fig. 7-114. Taision balance gradient curves (measured and calculated) for the 
Esperson-South Liberty-Day ton domes, with calculated section (after Barton). 



Fig. 7-115. Gravity anomalies (calculated from gravity gradients) on the Egbell 
and Sasvar domes (Czechoslovakia) (after v. Boeckh). 1. Pontian; 2. Sarniatiaii; 
3. Tipper Mediterranean; 4. Schlier; 5. Lower Neocene; 6. Paleocene and Triassic. 


classical observations in the Hungarian plain near Arad (begun in 1903 
and continued in 1905 and 1906) are too well known to be reproduced in 
detail. In the Midcontinent fields^^^ the torsion balance has been used 

See footnote 136. 

J. H. Jones and R. Davies, M. N. Roy. Astron. Soc., Gcophys. Supp., 11(1), 
1—32 (1928). 

John Wilson, Colo. School of Mines Magazine, 18(6), 23 (Oct., 1928). 

D. C. Barton, A.LM.E. Geophysical Prospecting, 416-466 (1929). 
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extensively to map ridges of granite, gneiss, and Cambro-Ordovician rocks. 
Examples are the Amarillo granite ridge, the Nocona-Muenster-Bulcher 
ridge, the Healdton fields, the Criner hills, the Kansas granite ridges, and 
the ridges in Colorado and Nebraska. Some of these appear in the 
gravity map of Tig. 7-516. Barton has reproduced the torsion balance 
results for the Muenster-Bulcher ridge, which showed well in the gradient 
picture. However, in the Fox area, the Fox and Graham uplifts were 



Fig. 7-110. Torsion balance anomalies on Hull-Gloucester fault, Canada (after 
A.E. Miller). 1, Shale and limestone under 70' of drift (5— 2.6); 2. Limestone 
(5 = 2.7); 3. Chazy shale and sandstone (5= 2.5) ; 4. Dolomite (6= 2.8); 5. Potsdam 
sandstone (5 = 2.5) ; 6. Precambrian (5 = 2.8). 

hardly noticeable. Cnly after considering the regional gradient duo to 
the adjacent Arbiickl(3 Mountains could a better agreement between struc- 
tural and toi'sion balance data ])e obtained. 

Ill oil exploration the torsion balances has been widely used for Die loca- 
tion oi faults. Ecitvos was again first to point out this possibility. Tlie 
amount of published data is no measure of tlio actual scope of work on 
fault problems. In 1927 M. Matuyama investigated step faults in Meso- 
zoic slate (density 2.5) covered by alluvial material (density 2.0) in the 
Kokubu plain near the Sakurazima volcano in Japan Results obtained 


Matuyama, Japan. J. Astron. and Geophys., 4(3), 1-18 (1927). 
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with torsion balance, magnetic, and electrical methods in an attempt to 
delineate step-faulted blocks in the Limagne-Graben zone have been pub- 
lished by Geolffroy/^^ 

The torsion balance has been rather successful in the Mexia-Luling 
fault zone. In a profile illustrated by Barton/^^ the Edwards limestone, 
at a depth of between 1000 and 2400 feet, is in contact with lighter Eagle- 
ford, Del Rio, and Austin chalk, while the Eagleford, Del Rio, and Austin 
are against lighter Taylor and Navarro shales. Hence, the maximum 
gradient occurs above the subsurface point where this density contrast 
occurs, that is, down dip in the fault from its surface trace. Two faults 
in the Paleozoic area near Ottawa were investigated by Miller^^^ and 
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Fig. 7'117. Torsion balance results on Hazeldeaa fault, Canada (after Miller). 
1. Black River, Chazy' limestone (5 = 2.7); 2. Chazy shale and sandstone {h— 2.5); 
3. Beekmantown dolomite (5 - 2,8); 4. Potsdam sandstone (5 = 2.5); 5. Precambrian 
(5 = 3.0). 


showed a distinctly different response. The Hull-Gloucester fault near 
Leitrim (Fig. 7-116) in the Paleozoic and Pre-Canibriaii has a 900 foot 
displaecmeat and produces large gradients (about 150 E.U.) because of a 
near-surface cxuitiust in density. Theoretical values calculated for an 
assumed siibsuifacc^ section agreed well with the experimental results. 

In the same Paleozoic section the Hazeldc'aii fault (575 foot displace- 
ment) gave a distinctly different picture. A ‘ niiuimiim’^ gradient was 
observed, sineti the (‘ffc'cts of the lower beds (density cc)nirast in upthrow 
direction) are overeompensated by a near-surfaoe effect of density contrast 

\I. P. ( Jeoft’ro}', Ami. OHirci XnL. (Aiiiih. Licjii., 4,017 ()4-7 (1029). 

O. Burton, .-V. Li\ I. E. Geophysical Pra.spe{;ting, 41G-466 (1929). 

A. H. Miller, Canacl. Geol. Surv'cy Menu, 165, 197-208 (1931). 
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in down-throw direction (Fig. 7-117). The Pentland fault near Porto- 
bello in the Edinburgh district was investigated by McLintock and Phem- 
ister^®® (Fig. 7“118). This overthrnst fault dips toward the west and 
separates a series of volcanic beds of 500 feet thickness and of east dip 
from the oil shale group of sedimentaries in the east; hence, a westward 
tendency of gradients is produced. A satisfactory agreement of theo- 
retical and experimental 
values was obtained by 
assuming a block with in- 
clined face, 0.42 difference 
in density, beginning at a 
depth of 100 feet, and hav- 
ing a superimposed syncline 
west of the fault in the lava 
beds. 

At Dossor (see Numerov, 
footnote 134) S. Mironov 
investigated a fault on the 
west side of the field, 
separating the Senoiiian 
from (productive) Jurassic 
beds overlying Permo-Tri- 
assic and salt formations. 
Matuyama and Higasin- 
aka^^^ determined the tor- 
sion balance anomalies of 
a fault of 70 meters dis- 
placement in the Takumati 
oil field, and Vajk^'" dis- 
cussed a survey in South 
America where a maximum 
in the gradients and curva- 
tures could be explained 
by either an anticline or a 
normal fault. 

3. Applications in mining. Although Eotvos made some exporinnmts 
with the torsion balance and magnetic instrumemts on igneous dikes, it is 



Fig. 7-118. Torsion balance results on Pcntlaiid 
fault (after McLintock and Phemister). 


W. F.P. McLintock and James Phemister, Great Britain, GeoL Suivey, Suinm. 
of Progr., pt. IT, 10-28 (1928). 

S. Mironov, Geol. Comm. Vestnic, No. 5 (Leningrad, 1925). 

^58 M. Matuyama and H. Higasinaka, Japan. J. Astron. and Geophys., VII(2), 
47-81 (1930). 

R. Vajk, World Petrol. Congr. Free. B 1, 140-142 (London, 1933). 
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not known whether he actually investigated any ore deposits. His asso- 
ciate, Stephen Rybar^ surveyed the contact-metamorphic iron ore deposits 
of Banat in Rumania around 1917. In 1919 R. Schumann mapped the 
area near Zillingdorf north, of "Vienna to determine the structure of the 
coal deposits there. In Russia the torsion balance was used by P. Niki- 
forov, Lasareff, and Gamburzeff in connection with the magnetic survey 
of the Kursk anomaly. Several torsion balance profiles across this 
deposit are illustrated in Chapter 8 (Fig. 8-59). The gradients reach a 
maximum amplitude of 80 and the curvature values an amplitude of 180 



Tig. 7-119. Torsion balance results on Caribou magnetite deposit, Colorado. 
(Scale same as in Fig. 7-76) 

E.U. and can be explained on the assumption of a density difference of 
0.8 between the iron quartzite and the surrounding metamorphic rocks. 
The Swedish investigators, H. Liindberg, K. Suiidberg, and E. Eklund/®^ 
have used the torsion balance in conjunction with electrical and magnetic 
surveys and pul)lished the results of a reconnaissance survey on Mens- 
trask Lake. 

In Germany the torsion balance was tried at about the same time on 
some siderite veins of the Siegerland district. Matuyania investigated 

P. Lasareff and G. A. Gamburzeff, Gerlands Beitr., 16(1), 71-89 (192G), 19(2/3) , 
210-230 (1928). 

Sveriges Geol. Unders. Arsbok, 17(8), 86 (1925). 

H, Quiring, Glueckauf, 69, 405-410 (1923). 
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Tig. 7-120. Gravimetric, magnetic, and electrical indications on Caribou magnetite 
deposit. G, gradients; K, curvature values; aV, magnetic vertical intensity; C, rel. 
conductivity. 


faMs ifaih 



ci. 7-121. Torsion balance and magnetic 
anomaly (AZ) onSwynnerton dike (after McLin- 
tock and Phemister). 


the vicinity of the Fuslnin 
Colliery and located a fault 
separating gneiss from secli- 
mentary rocks. Whether 
the coal seams were indi- 
cated remained dou])tfiil on 
account of terrain interfeu- 
(3nce. Shaw and Ijancast(‘r- 
Jones conducted a rc'con- 
naissanee surve>' across a 
barite deposit about 50 
ill depth, which was known 
from underground work- 
ings.^^^ Mason observed a 

Op. ciL, 2 (2), 91-106 (1924). 

Shaw and E. Lancastcr- 
Jones, Mining Mag., Jan. k 
Feb., 1925. 
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moderate anomaly of 20 to 30 Edtvos amplitude on the 'well-lmowTi 
Falconhridge ore body in Canada.^®® la the Tri-State district the torsion 
balance was tried with the hope of locating lead-zinc ores directly.^®® 
However, it was possible only to outline the (lighter) chert pockets in 
limestone in which the ore bodies occur. 

Tig. 7-119 shows torsion balance results obtained by the author at 
Caribou, Colorado, on a magmatic cMerentiation type of magnetite de- 
posit in gabbro. Despite unfavorable terrain conditions indicated in 
Fig. 7-76, the torsion balance indicates the individual concentrations 


iofmJJmht 




80 m m 


Dio. 7-122. Gradients and cur7ature values above lignite deposit bounded by sand- 
stone fault block (after Seblatnigg). 


(accompanied by magnetic anomalies ranging from 20 to 100,000 gammas) 
rather satisfactorily. Tig. 7-T20 gives average curves for the gradients 
and curvatures across this deposit and also illustrates results of magnetic 
and electrical invvvstigations. Fig. 7-121 indicates the results of a torsion 
balance traverse made by McLintock and Phemister^''"^ across a dike of 

M. Mason, Geophysical Exploration for Ores, A.I.M.E. Geophysical Pros- 
pecting, 9-36 (1929). 

166 p_ \y^ George, A.I.M.E. Geophysical Prospecting, 561-571 (1929). 

W. F. P, MoLiiitoek and J. Plioinister, Mining Mag., Dee. 1927. 
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nephelke basalt in Triassic Keuper marls. The vertical intensity anomaly 
is shown for comparison. In 1926 and 1927 the torsion balance was used 
in the investigation of magnetite deposits of Krivoj-Rog in southern 
Russia in connection with magnetic surveys.^®^ Two cases are known 
where the torsion balance has been applied indirectly in the mapping of 
lignite deposits. The deposit shown in Fig. 7-122 occurs in Tertiary 
beds^®® (density 2.1) and is bounded on one side by Triassic sandstone 
(density 2.35). Hence^ it was possible to outline it by locating the edge 



Pig. 7-123. Torsion balaiico survciy of Cal<lvv(‘ll pyrito (t'po.sit (aft(‘r 
Solid ciirvo, obsorvod; dotted, calculated anomaly. 

of the sandstone block. Edge and Laby hav(' puhlislud a surv<‘y of 
similar charactcr.^^^ In the Gclliondale field in soutli(‘ast Vhedoria the. 
lignite bed occurs in horizontal stratification in sandy l)eds Jihout 100 
feet from the surface. Since it is terminated t)y the sloping .surfaiui of 

1®® P. Nikiforov and others, Inst. Praot. Oeophys. Bull., 4 , 299--B07, 315 330 (11)28). 
Seblatnigg, Braunkohlo, No. 23 (192D). 

Edge and Laby, Frinciples and Practice, etc. (Cambridge Univ. Press, 11)31) 




Chap. 7] 


GRA.yiTATiaNA.L METHODS 


291 


denser Jurassic rocks, it could te outlined by mapping bedrock topography. 
In one of the profiles the lignite did not come up against the edge of 
bedrock. A broad gradient maximum, due to the superimposed effect of 
the lignite edge and the sloping bedrock surface nearby, was observed. 

The torsion balance is also useful for outlining placer channels. Edge 
and Lahy investigated a portion of the Gulgong field in New South Wales 
with the object of determining the edge of a sloping channel filled with 
alluvial strata, underlain by granite. (Seismic data for this field are 
shown in Fig. 9-41.) A similar application of the torsion balance was 



Pio. 7-124. Underground torsion balance observations at Beienrode, Germany (after 

Birnbaum). 


made by Mclnntock and Phemister"' who surveyed the buried channe^ 
of the Kelvin River near Erumiy. Surveys of salt deposits have been 
made not only in connection with oil exploration but also for mining pur- 
poses. An example is A. H. Miller’s survey of the Malagash salt deposit, 
which itivealcd a dome-shaped anomaly of 3 milligal maximum ampli- 
tude. The thickn(vs.s of the salt is about 300 feet. Fig. 7-123 shows a 

\V. F. P. McLintock and J. Pliemister, Roy. Soc. (Edinburgh) Trans., 66(1), 
141-155 (U)2!)). 

H. Miller and G. W. II. Rorman, .AI.M.E. Tech. Publ., No. 737 (1935). 
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torsion balance survey of the Caldwell (Renfrew Co., Ontario) pyrite 
depoat.^^* The theoretical curve (based on the assumption of a density 
difference of 1.7, a thickness of the deposit of 50 feet, depth 20 feet, and 
dip 60 feet) is likewise shown. Since it is calculated under the assumption 
of a two-dimensional body, its amplitude exceeds that of the experimental 
curve. 

A number of attempts to use the torsion balance underground have been 
made and published. The earliest survey of this kind was made with a 
curvature variometer by Brillouin in the Simplon tunnel in 1905. Subse- 
quent experiments indicate that gradient observations are more suitable 
underground. A. Birnbaum*^^ made some torsion balance observations on 
two levels of the Beienrode potash mine in Germany. As shown in Fig. 
7-124, the gradients point toward the anhydrite in the 700 foot level but 



Fro. 7-125. Underground torsion balance measurements on ba.salt dike in .salt, ('iil'tcr 

Meisser and Wolf). 

away from it in the 1900 foot level, this indicating that its major portion 
is located below the 700 and above the 1090 foot level. A ratlir;!' uuu.sual 
occurrence of basalt (density 3.9) in .salt (flen.sity 2.2) was investigated 
by Meisser and WolP‘ 790 meters below the .surface. Siippleincnlary 
mea.surements of magnetic vertical intcti.sity and .st'Lsinic propagation 
speed were made at the surface and underground. The thickiie.ss (jf tlic! 
basalt varied from 0.4 to 90 meters. As Pig. 7 125 indicate.s, its major 
portion occurs below the 700 meter kivrd. As ha.s been emphasized by 
Kumagai,‘^® the effects underground are .so large- that tlie .sensitivity of 
the instrument must be reduced; otherwi.se, it.s .starting azimuth must, he 
so selected that the effects of the adjacent tunnel wail.s arc at a niiiiiniuni. 

A. E. Miller, Canad. Guol. Surv. Menu, 170(3), 99 118 (1930). 

A. Birnbaun), Kali, 18, 144-148 (1924). 

0. Meisser and F. Wolf, Zoit. Gcopliys., 6(1), 13-21 (1930). 

N. Kumagai, Japan. J. Astron. Geophys., 9(3), 141-206 (1932). 
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r. iNTRODircnoN 

The magnetic method of prospeetmg is one of the oldest geophysical 
methods. It was applied to the location of ore bodies as early as 1640. 
Like gravitational methods and in contrast to electrical and seismic 
methods, it utilizes a natural field of force, consisting of the field of geologic 


A 



(o) (b) 

Fin. 8-1. Vector diagram of the earth’s magnetic field (a) for the northern hemi- 
sphere, [h) for the soiithera hemisphere. 

bodies and the terrestrial magnetic field. Contrary to their gravitational 
iittraciion (which exists independently of the earth’s gravity field), the 
inagnolic reactions of geologic bodies frequently depend on direction and 
inagnitiich' of the earth’s field. The law controlling magnetic attraction 
((..'()iil<jnil,)’,s law) i,s identical in form with that governing gravitational 
attraction. Hence, magnetic interpretation i)roblem.s may often be 
handled by a simple adaption of the relations which apidy in gravita- 
t ional work. Because of the spontaneous nature of subsurface effects, it is 
not possible to control the depth of penetration in niagnctic prospecting. 
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SYMBOLS HSED IN CHAPTER 8 


a 

distance 



c 

constant 



d 

diameter, distance, depth 



e 

distance 



e/m 

specific electron charge 



J 

frequency 

f 

focal length 

Q 

gravity 



h 

thickness, height 



i 

dip, angle 

i 

number 

k 

gravitational constant 

Ic 

deflection constant 

1 

length 



m 

mass 

m 

pole strength 

n 

revolutions per second 

n 

number 

T 

percentage 

P 

coefficient 



q 

coefficient 

r 

distance 

r 

reluctance 

s 

reading 

s 

direction 

t 

time 

t 

thickness 

V 

volume 

Y 

velocity 

X 

coordinate 

X 

force component 

y 

coordinate 

y 

force component 

z 

coordinate 

% 

force component 



A. 

magnetization component 



B 

induction 

C 

constant 

C 

magnetization component 

D 

couple 

D 

declination 



E 

voltage 

F 

force 

F 

field 



G- 

galvanometer constant 



K 

(horizontal) intensity 

I 

current 

I 

inclination 



^ 1 

intensity of magnetization 

L 

length 



M 

magnetic moment 

M 

mutual inductance 

AT 


M 

magnetomotive force 

turns 




turns per unit of length 

IT 

demagnetizing factor 

Q 

weight 

<? 

quantity of electricity 

R 

radius 

R 

resistance 

S 

anomaly 

S 

surface, area 

T.C. 

temperature coefficient 

1 

total intensity 

U 

potential 


y 

potential 

X 

north component 



Y 

east component 


azimuth 

Z 

vertical component 

a 



angle 



7 

angle 



7 

10~® gauss 

r 

coefficient 

r 

gauss 



b 

angle 

0 

density 

A 

anomaly 
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SYMBOLS USED IN CHAPTER ^—Concluded 


e 

scale value 




angle 



V 

angle 



e 

angle 



G 

temperature 



t 

angle 



K 

susceptibility 



X 

angle, longitude 



Ai 

magnetic temperature coefficient 


permeability 


angle 



P 

distance 



a 

scale unit of level 



T 

torsion coefficient 



<P 

angle 




flux 




angle 




Eurther, in order to be detectable, the si^e of geologic bodies has to increase 
in proportion to depth. 

The magnetic field of the earth and of geologic bodies is uniquely defined 
by the magnitude and direction of the total intensity vector. In practice 
it is preferable to resolve the field into its components which, in the 
direction of the vector, are the horizontd and vertical intensities. In high 
or intermediate latitudes of the northern and the southern hemispheres, 
measurements of the vertical component are most frequently made but are 
occasionally supplemented by horizontal intensity observations in the 
magnetic meridian or at right angles to the strike of geologic bodies. 
Eig. 8-1 is a vector diagram of the earth^s magnetic field for both hemi- 
spheres. T is the total intensity, H is the horizontal and Z the vertical 
component; D is the declination and I the inclination. H may be resolved 
into X (the north) and Y (the east) components. The following relations 
exist between these components: 

X = Hcosl>; Y = HsinD; 2 = H tan I = T sin I; " 

H = VX? + = T cos I; 

r = Vx^' 2^ = VH^4Z2 = H/cos I 
tan I = Z/H = Z/y/x^l^T-, tanD = Y/X. 

The unit of ineasiirenicnt in magnetic exploration is the gaiiss^ (F) 
((•m~^-g'-S(!C‘.~^) which, by definition/^ is numerically equal to 1 dyne. 

1 Sec footnote 3, p. 298. 

^ Field intensity equals force on unit magnetic pole. Another definition for tho 
gauss unit which follows from the discussion on p. 298 is the field strength, or mag- 
rietoniotive forcje per unit of length, inside a long coil with 0.796 ampere turns per 
cm. According to the definitions introduced between eq. (8-3) and (8-4), field 
intensity in gauss also equals the number of magnetic lines of force per square cm 
in air. 
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Magnetic anomalies are frequently expressed in gammas (y); ly = 1.10“^ 
gauss. There is an immense variety of instruments and methods for the 
measurement of magnetic field components, both angles and intensities. 
The intensity measurements are of greater practical importance and are 
readily made with the required accuracy. In magnetic prospecting this 
is almost 1/10,000 part of the field while in gravity work it is 1/1,000,000 
to 1/10,000,000 part. Therefore, commercially satisfactory magnetic 
instruments may be designed with comparative ease. 

Like many other geophysical methods, magnetic exploration had its 
origin in methods of observation and research employed in earth physics. 
While in terrestrial magnetic research the main objective of measurement 
is the regional distribution of the earth’s field and its time variation, mag- 
netic exploration is concerned more with the determination of local varia- 
tions and their geologic significance. The time variations are merely of 
secondary importance, since magnetic field observations must be corrected 
for them to attain sufficient accuracy. 

As in other geophysical methods, sufficient contrasts in the physical 
properties of subsurface formations must exist to make the magnetic 
method applicable. The properties here involved are the induced and 
remanent magnetization. Geologic formations axe either very strongly 
or very weakly magnetic; this magnetic classification coincides almost 
exactly with the divisions of igneous and sedimentary rocks. The mag- 
netization of a rock is usually proportional to its magnetite content. Com- 
pared with other physical properties, rock magnetization shows a greater 
irregularity which is due not only to the bi-polar nature of magnetism but 
to the frequently unpredictable effects of thermal and mechanical changes 
in the course of their geologic history. 

Since most magnetic anomalies are due to igneous rocks, iron ores, and 
sedimentary formations which have derived their magnetite content from 
igneous rocks, magnetic methods can be applied directly to tli<; location of 
magnetic minerals and ores, and indirectly to the location of dciposits which 
are associated with magnetic rocks and formations. In oil exi)!orati<)ii, 
applications of magnetic methods in structural investigations inc'Jiuh^ 
mapping of buried hills usually composed of igneous or metainorphic*, ro(!ks; 
the location of anticlines where magnetic basement members arc upliflcHl, 
together with the scdimcntarics, and where some of tli(^ sedimtsils tlnun- 
selves are magnetic (or contain interbedded imnnbers of igiunjiis origin); 
lastly, the mapping of salt do7nes if they are surrounded by magnetic forma- 
tions. The location of faiilts is important in both oil and mining applic'a- 
tions and is possible if magnetic members are displaced, if the fault fissures 
contains igneous sheets, or if the adjacent formations have different mag- 
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netic characteristics. Another structural application which is important 
in oil and mining exploration is the mapping of igneous intrusions, igneous 
dikes, and contact-metamorphic zones. In mining, magnetic methods are 
frequently applied to the location of magnetic iron ores, magnetite, and 
hematite, as ■well as to nonmagnetic ores if they are associated with mag- 
netite or pyrrhotite, or are contained in lava flows. Concentrates of noble 
mineraU (gold, platinum) may be found if they are associated with mag- 
netite in placers. In engineering, magnetic prospecting has been used to 
locate buried magnetic objects, ammunition, pipe lines, and the like. 

Experience obtained in the past ten. to fifteen years with magnetic 
prospecting indicates that it is probably the simplest, least expensive, and 
fastest geophysical method, that it may yield quantitative results provided 
conditions are suitable, but that it must be supplemented and even re- 
placed by other geophysical methods where the structural consistency of 
the anomalies is doubtful. 

ir. MAGNETIC ROCK PROPERTIES 

A. EEEINiriON 

The magnetization of rocks differs from other physical rock properties 
in one fundamental respect : it is composed of two phases; one remains the 
same regardless of orientation of a specimen, while the other reverses its 
sign when the specimen is reversed. The former is called the induced, 
the latter the remanent magnetization. In rocks the remanent magnetism 
may be a fraction of the induced magnetization or it may exceed it. Sepa- 
ration of the two magnetizations does not suggest that different physical 
phenomena are involved. On the contrary, they may both be obtained 
from a single test involving the tracing of the familiar ‘‘hysteresis^^ curve. 
Although it is impossible to separate the two magnetizations in the ffeld, 
their approximate proportions must be known for a complete interpretation 
of magnetic data. 

Tlie strength of the induced magnetization is customarily defined by the 
'pcrmcahililij of the material or a related quantity, the magnetic stiscepit- 
hility. Tluiir pliysical significance is best understood by the familiar 
analogy of ilio magnetic and electrical circuits. The magnetomotive 
fort'o ill a niagiKdic, circuit (measured in gilberts) is analogous to the 
dcciioinutivc force in an electrical circuit. If the inagiietoinotive force is 
])roduc(id by a solenoid of N turns with I amperes, it is OAttNI^ and 1 
gilbert = 0.79G ainporc turns. The current in an electric conductor corre- 
sponds, in a magnetic body, to iha flux <1, measured in maxwells, orlines 
of force. The electric resistance is analogous to the magnetic reluctance 
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(x). The units corresponding to the ohm are the oerstedt^ (gilberts per 
maxwell) and the rel (ampere turns per maxwell, or 1.257 oerstedts). 
The reciprocal of resistivity corresponds, in a magnetic circuit, to the 
reciprocal of reluctivity (reluctance for unit dimension) and is called '^per- 
meability,'^ }i. Hence, for a magnetic conductor of length I and area S, 
the reluctance 


r 


and the flux ^ 


MSu 

I 


so that 


Sy 



( 8 - 2 ) 


(8-3) 


where M is magnetomotive force. This equation states that fiuz dendty 
is equal to 'permeability times magnetic potential gradient It is analogous 
to equation (10-5), which indicates that electric current density is 
equal to conductivity times electrical potential gradient- 

The magnetic potential gradient is the magnetic field intensity H, meas- 
ured in gilberts per centimeter, or gauss.^ The flux density $/S is called 
induction, designated by the symbol B, and measured in maxwells per cm^, 
or also in gauss. Hence from (8-3) 

B = |iH. (8-4) 

The permeability in vacuo is 1. Bodies which increase the number of 
field lines per unit area have permeabilities greater than 1 and are called 
paramagnetic, while those of permeabilities less than 1 are diamagnetic. 
Since a unit pole radiates iir lines of force, ^ = 47rm where m is pole 
strength. Further, the flux in the magnetized substance may be consid- 
ered to be the sum of the flux due to the substance alone and the flux in 
air. Hecalling that B = yH and that for air ^ = 1, we have for the flux 
per unit area 


B - 


4xin 


+ H. 


(8 ^'i) 


The ratio m/S is the surface density of magnetization or uitensity oj mag- 
netization and designated by the script letter 5/. It is also the rnagmiio 


® As far as tho geophysicist is concerned, the ruling of the International JOlentro- 
tochnical Commission at Oslo in 1930 created ao little confusion by adopting the 
name oerstedt for gauss. Since the gauss unit for held intensity is so firmly en- 
trenched in the geophysical literature, very few geophysical authors since 1930 
have adopted the nev unit. 

^ See footnote, p. 295. 
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moment of the unit of wlume and proportional to the generating field : 

if = /cH (8-6) 

where the proportionality factor is the magnetic susceptibility. Substi- 
tuting (8-6) in (8-5) and dividing by H, = 1 4“ 47r/c so that 



A body has the unit of susceptibility when its unit of volume receives the 
moment 1 by the field 1. The susceptibility of vacuum is zero. Para- 
magnetic substances have positive susceptibilities, diamagnetic substances, 
negative. Since only the strongest naagnetic minerals approach the unit 
of susceptibility, it is customary to employ 1 millionth part of this unit in 
practical work. 

Magnetic susceptibility and permeability are not constants but depend 
on the strength of the magnetic field. It is customary to plot the induc- 
tion B or the intensity of magnetization 3 as function of field strength. 
Flux density is generally measured in maxwells per cm^ or kilo-lines per 
square inch (1 kilo-line per square inch = 155 maxwells per square cm, 
or gauss) . It is also obtained from the intensity of magnetization by multi- 
plication with 47r. Field intensity is measured in gauss or ampere turns 
per inch (1 ampere turn per inch = 0.495 gauss) . 

A graph showing the magnetization as function of (positive and nega- 
tive) fields is known as hysteresis curve (Fig. 8-2). OA is the virgin portion 
obtained after a specimen has been demagnetized. "When the field strength 
is decreased (after the specimen is magnetized to saturation), this curve 
is not retraced. Hence when the field strength is zero, the induction is not 
zero and retains the value OB, which is the remanent or residual magnetiza- 
tion. The negative field required to reduce the magnetization to zero is 
the coercive force, OC. When the field is further increased in the negative 
direction, the reflected curve is obtained. 

B. Methods of DETERMimNU Rock Magnetization 

Rock specimens are usually given a preliminary test to determine the 
prop)orbioiis of residual and induced magnetization. Next, their suscepti- 
bility may be measured at field strengths equal to those of the earth's 
field components. Further tests involve measurements of susceptibilities 
at higlun’ fidd strengths, that is, investigations of complete hysteresis 
curves. 

1. For a preliminary determination of the induced and remanent niag- 
netizaiioii, the rock sample is placed close to a magnetometer and the 
deflection at distance r is noted. Then the sample is rotated through 180 
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degrees (keeping its distance from the magnetometer the same), and the 
deflection is again observed. 

If the specimen is placed in the first Gauss position (that is, the magnetic 
needle in the extension of the magnet) with respect to the magnetometer, 
if its equivalent magnetic moment is M == where v is its volume and Q 
the intensity of magnetization, the apparent change in magnetic intensity 
is 6(s So) = AH = 2ikf/r^ so that 

s — == (8-7) 

where c = [ 22 ;yer®, « is the scale value (see page 323), so is the reading without 
the specimen, and s the reading with the specimen. If residual magnetism 



is present, its component in the longitudinal direction of the spooimen will 
be added to the induced magnetism (reading: Sj). After the spc'chm-n has 
been reversed, the component of permanent magnetization ()]>j)os(^s the 
induced magnetization (reading: ,<? 2 ). Tlicm witli t lu‘ iudiiecd, and 4 
as the residual magnetization: 


and 


+ *‘2 


So 



} (8 8 ) 


2. Quanlilalive determinations of indueoel magnclizalion may he made af t(ir 
residual and iiulueed magnetizations haYO boon sopat-atod. It is conren- 
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lent to determine the induced magnetization and hence the susceptibil- 
ity in the earth’s field since the specimens are then tested in the lab- 
oratory under the same conditions as prevail in nature. 

In the so-called test-tube method^ the 
sample is pulverized, placed into a 
test tube of known volnine, and sus- 
pended near the needle of a nnifilar 
magnetometer as shown in Fig. 8-3a 
or near one of the needles of an astatic 
magnetometer® (see Fig. 8-36). The 
deflection measured by a telescope and 
scale is proportional to the magnetic 
moment, hence to the intensity of mag- 
netization and the susceptibility of the 
specimen. Thus H tan (p == Cic, where 
H = horizontal intensity; (7 = a con- 
stant depending on the inducing field 
component, volume, and distance of 
the tube; and <p = the deflection angle. 

The deflection may be increased by 
making H small, that is, by so placing 
a compensating magnet beneath the 
magnetometer that its magnetic field 
opposes and nearly equals the horizon- 
tal component of the earth’s magnetic 
field (see Fig. 8-3n). 

In Koenig sherger' s method^ specimens 
are used in solid form at a distance 
which is small compared with the di- 
mensions of the needle, and with the 
magnetometer shown in Fig. 8-3a. 

F or field tests, a Schmidt vertical mag- 
netometer is more suitable (after re- 
moving the cork cover and placing the 
sample on the instrument case). Fig. 

8-4 shows the arrangement of a speci- 
men with reference to the magnetic 

system of a vertical magnetometer. It should have the form of a disc 
(thickness 6, diameter d). Its distance a should be less than l/Sl (Z = 
total length of the system).®'' The strength of the magnetic pole induced 


Colorado School oj Mines 

Fro. 8"3a. TJihfilar (Koeiiigsberger) 
magnetometer. 


^ E. A. Johnson and W. F. Steiner, Rev. Sci. Instr., p. 237 (July, 1937). 

This condition may be met for a laboratory instriinieiit but not for the Schmidt 
vertical iriagnetometer. 
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in the sample at a distance 2a from the needle is • m, where m is 

the pole strength of the needle ( = M /I), ^ is the permeability of the speci- 
men; and Vo the permeability of air. The field of the induced pole is 
pole strength divided by distance squared. Therefore, for a vertical 
magnetometer: 



sC'^<e Of ce/vriAfcre/rs , 

o 'P . . . .... ^9 


Fig. 8-36. Astatic magnetometer for suseeptibilitj determination (after 
E. A. Johnson and W, F. Steiner). 


Since v = 47rKand vo = 1 (air), 

AZ 


7rW.K 


(8 -96) 


The last equation holds for only a very thick specimen. If tlui thic‘kn(‘ss is 
limited and equal to h, 


AZ = 


TTKin 


(8 -Qc) 


111 practice, it is preferable to use eq. (8-Qh) and to correct for tliickticiss 
and cross section.® 

‘ J. Koenigsberger, Terr. Mag., 34(3), 299 (Sept,, 1929). 
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The effect of remanent magnetization is eliminated by observation in 
two positions. The apparatus may be calibrated with iron chloride solu- 
tion wliose magnetic susceptibility k = S(88.78p — 0.78), where 5 = den- 
sity, and j) = percentage of iron chloride. In a modification of this 
method, a cast is made of the specimen from a material of known sus- 
ceptibility, and the comparative effects of sample and cast are measured 
on an astatic magnetometer.^ By the use of an astatic system, variations 
of the earth’s magnetic field are eliminated. This method has the ad- 
vantage of being independent of the shape of the sample. 

In the following procedures, suscepti- 
hility determinations are made in variable 
magnetic fields greater than that of the 
earth. These determinations mate it pos- 
sible to trace a complete hysteresis curve. 

The earliest of these made use of the 
Coulomb torsion balance (Wiedemann, 

Cnrie-Ch&6veau, Wilson) . The specimen 
(enclosed in pulverized form, in a small 
vial) is attached to one end of the balance 
and exposed to the attraction of a strong 
electromagnet whose magnetic moment is 
determined by means of a steel mirror 

placed at a distance of about 
2.5 m. Since the magnetic mo- 
ment of the specimen is kHu and 
the torque on a magnet of the 
moment M in a magnetic field H 
is MIL, the couple acting on the 
torsion balance is proportional to 
the square of the field and hence 
to the square of the current 
in the electromagnet. In the 
Curie-Chdn6veau and Wilson bal- 
ances, the specimen is drawn into the gap of a permanent ring-shaped 
magnet.^ 

Very similar in application is the balance method of Lord Kelvin, which 
list's a cylindrical specimen suspended from one end of a scale with its 
lower ('lid bt'twec'ii the polos of a strong electromagnet (see Fig. 8-'5). 
Tlu' s])('ciin('n is first weighed. After current is turned on, balance 
is rcvc',stal)lished by additional weights. If the force of attraction 



Tig. 8-5. Balance method of susceptibility 
determination (after Haalck). 



Fig. 8-4. Arrangement of 
specimen and vertical magnet- 
ometer system, for susceptibility 
determination. 


^ See C. A. Ileilaiid, A. I.M.R. Geophysical Prospecting, 234-236 (1932). 

® For details see P. Curio and C. Chen4veau, Journ. de phys., 4(2), 796 (1903); 
Oomptes Rendus, 160, 1317 (1910); Phil. Mag., 20, 257 (1910). 
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^ ^ (H** ~ Hi), (H = field intensity at lower end of sample; Hi = field 

intensity at upper end of sample) is balanced by Q grams, the susceptibility 


2Q.981 


( 8 ~ 10 ) 


in which H? can be neglected in comparison with when the specimen is 
of sufficient length. 

The inductive methods for susceptibility determinations are based on the 
fact that the inductance of a coil and the energy transfer in a transformer 
depend on the magnetic permeability of the core material. In the 
apparatus designed by Stutzer (Fig. 8-6) the primaries of two air-core 
transformers are connected in series-aiding to an ammeter, chopper, and 

battery, while the secondaries 
are connected in series-oppos- 
ing through a gal\^anometer 
and commutator naounted on 
the same shaft with the 
chopper. The coils are ac- 
curately balanced so that 
when pulsating current is sent 
through both primaries, no 
current flows in the second- 
ary circuit if no specimen is 
in the test coil . The balance 
is disturbed when a sample is 
inserted in the test coil. The 
resulting galvanometer de- 
flection is proportional to the 
susceptibility of the sample. 
This method is very accurate for minerals of small susceptibility. Strongly 
magnetic substances should be mixed with quart;?; sand, and thelikc^, and 
a corresponding correction should be applied 
Wm. M. Barret, ®in his inductive method, ha.s employed a single impulse 
through the primary (or primaries) of one (or two) iiiductaiu'c; coils \vh(>s(‘ 
secondary (or secondaries) is (or arc) connected t.o a, ballistic gal- 
vanometer. The circuit is shown schematically in Fig. 8 7. 'The current 
from a battery, B, passes through a reversing .switch, Si , to u key, Ah , 
by which the primary circuit is opened or closed. It then i)a.sses through 
the switches, and aSs , to the fixed mutual inductance, 71//, the v(‘rni(;r 
inductance, M, , and the ammeter, Tla, in one circuit and through the 
mutual inductance, Mt (containing the sample), and the ammeter, , in 

Geophysical Prospecting, 216 (1932). 



Fig. 8-6. Stutzer ’s inductive arrangement for 
susceptibility determination. 
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the other circuit in opposite direction. The secondaries of all three in- 
ductance coils are connected in series to the ballistic galvanometer, G. 
Measurements may be made either with one coil, Mt (observing the de- 
flection of the galvanometer), or by balancing the circuits 2 and 3 , either 
inductively or galvanically, so that the deflection of the galvanometer 
is zero. When working with current balance, the switches Si, S^, and 
S3 are closed, and the value of /a is adjusted according to the desired 
magnetizing force. After insertion of the sample, h is varied until the 
galvanometer shows no deflection. Then the susceptibility is given hy 


where M = the algebraic 
sum of Mf and Mv in 
henrys; C2 = A 7 rN 2 FSs- 
10“^ = a constant; F = 
the effective magnetizing 
force of 1 amp., so that 
the field H is FIz; N2 = 
number of secondary turns 
on Mt] Ss = cross-sec- 
tional area of sample in 
cm^- C3 == SyiTrSs, with 
S = cross-sectional area of 
primary of ilf < in cm^, 

In another inductive 
procedure, Barret has used 
a modified form of induct- 
ance bridge (see Tig. 8-8). 

Two arms contain the 
pure resistances Ri and 
i?2 ; the two others con- 
tain the variable induct- 
ance L2 and the test in- 
ductance Li on one side 
and the tapped inductance X3 and the variable L4 on the other. In opera- 
tion the bridge is first balanced for D.C. by adjustment of and re- 
balanced for A.C., without specimen in ii , by adjustment of Z4 with 
1/2 set on zero. The specimen is then inserted and the resulting galvano- 
meter deflection balanced out by adjustment of L2 . 

A convenient method of measuring rock susceptibility is afforded by 
magnetizing a specimen inside a solenoid and observing the correspond- 
ing deflection of a magnetometer, Usually two balanced solenoids, Si and 



Fig. 8-7. Schematic circuit of Barret’s inductive 
method. 
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Fig. 8-8. Inductance bridge for 
susceptibility determination (after 
Barret). 


to 0.09, for ratios of length to di- 
ameter ranging from S to 20. 

Ballidic methods of suscepti- 
bility deterixiinations make use of 
the fact that the induction current 
produced in a coil by pulling a 
magnet rapidly through it is pro- 
portional to the moment of the 
magnet. Ballistic apparatus have 
been constructed by Stschodro^^ 
and Piizichaand consist essentially 
of an induction coil through which 
the specimen is passed rapidly, 
connected to a ballistic galvanom- 
eter. The induction coil is sur- 
rounded by a magnetizing coil so 
that the susceptibility may be 
determined as a function of field 
intensity. In Pllzicha^s apparatus 


S 2 (as in the Ambronn^® or Stschodro^ 
apparatus, Fig. 8~9), are used on both 
sides of a magnetometer. The speci- 
men is inserted in one solenoid and the 
corresponding deflection is measured 
(Stschodro) or neutralized by adjust- 
ing the current in an auxiliary wind- 
ing (Ambronn) . In the calculation of 
susceptibilities in solenoid-deflection 
tests, it should be noted that the field 
inside the sample is not the same as 
the field calculated from the coil di- 
mensions. If the latter is H', the ac- 
tual magnetizing field 

H = H' ~ N^r (8-12) 

where IT is the ^^demagnetizing” fac- 
tor which depends on the shape and 
dimensions of the specimen. For cy- 
lindrical specimens, N varies from 0.68 



Fig. 8-9. Solfinoid d(^fl(‘otiori niothod for 
susceptibility do U^rmi nation (after Stscho- 
dro). SIV, inagnc'tometfir needle; A-A' 
and ArA{^ solenoids; a, distance of sam- 
ple from magnet ie ne(‘dle; C andZ), Helm- 
holU coils; R, distance of rings ;n, distance 
of mirror from .senile . 


R. Ambronn, Elements of Geophysics, 92, McGraw-Hill (1928). 
N. Stschodro, Gerl. Beitr., 17(1), 148-167 (1927). 

Op. cit. 




Chap. 8] 


MAGNETIC METHOD 


307 


shown in Fig. S-IO, a transformer with 
secon(lar7 in series opposition with the 
induction coil was used to compensate 
for current fluctuations in the magnetiz- 
ing circuit. The quantity of electricity 
Q induced in the coil by pulling a speci- 
men of the magnetic moment Jlf through 
it is given by 

Q = - coulombs ; (8-13) 

where iV'o is the number of turns per unit 
length on the ballistic coil, R the resist- 
ance of the ballistic circuit, v the volume, 
and H the reduced magnetizing field in 
the specimen. A number of hysteresis 



Fig. 8-10. Arrangement for bal- 
listic susceptibility determination 
(after Puzicha). A, ammeter; B, 
ballistic galvanometer; trans- 
former; S, magnetizing coil. 


curves taken in this manner are illustrated in Figs. 8-11 to 8-14. 

Remanent magnetism and coercive force may be determined qualitatively 
in the earth's field and quantitatively from hysteresis loops. The first 



Fki. K-ll. Hysteresis eurvo of magnetite, Striberg, Sweden (after Puzicha). 


method consists of a determination of the difference in the attraction of a 
specimen when reversed 180° (see page 300). If f/, is the remanent mag- 
netization and if Si and ^2 , respectively, are deflections obtained in the two 
positions of the specimen, the intensity of remanent magnetization 
(assuming that the two magnetizations can be added algebraically) 
= (^si — §2)72. ifr is often expressed in percentages of Coercive 
force and remanent magnetism may he determined directly from the 
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hysteresis loops obt£bined by metli- 
ods previously described. They 
represent true values (from the 
physical standpoint) only if the 
sample has been magnetized to 
saturation. 

Magnetization to saturation has 
been applied by Pnzicha, Loewin- 
son-Lessing, and Mitkevitch. 
Their fields were of the order of 3 
to 5000 gauss. Samples were sub- 
jected to hammer blows to insure 
complete magnetization. Loew- 
iixson-lessing and Mitkevitch 
found that specimens whose natu- 
ral magnetism was due to induc- 


K^IO" 



Fig. 8-13. Hysteresis and susceptibility curves for Upper Devonian diabase 
(coatainingmagnetite, Harz mountains, 1 amp. = 29.4 gauss). (After Beyer.) 



Fig. 8-12. Hysteresis curve for Upper 
Devonian diabase (no magnetite, Harz 
mountains, 1 amp. = 29.4 gauss). (After 
Beyer.) 
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tioH in the earth field coaid he strongly magnetised and that specimens 
whose magnetism was due to other causes (lightning discharges^ and the 
like) could not be magnetized further. Hence, magnetizing forces produc- 
ing strong residual magnetism are great enough to magnetize a rock to 
saturation; but rocks are not magnetized to saturation by induction in 
the earth’s magnetic field. 


C. Numerical Data on Maonetic Properties oe Minerals 

AND HoCKS^^ 


Tables 35 to 40 contain data on susceptibilities, coercive force and 
remanent magnetism of both minerals and rocks (see also Figs. 8-11 to 
8-14). 



Fig. 8-14. Hysteresis and susceptibility curves for Middle Devonian diabase 
(containing pyrrhotite but no magnetite, Harz mountains, 1 amp, == 29.4 gauss). 
(After Beyer.) 


Largely after H. Reich, Handb. d. Geophys., 'VI(l), 58-71 (1931). 
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Table 35 

SUSCEPTIBILITIES OE MINERALS 


MijraRAL 

LocAHTr 


Susceptibility 
X 10« 

Field 

STHENGTa 

IN Gauss 

Remarks 




Rock Minerals 



Graphite 


Landolt-BOrn- 

-8 





stein, Phys. 
Chem. Tab. 




Quartz 


“ “ 

1 

o 



Rock salt 


II II 

-0.9 to “1.3 


Calculated from 






mass-suscepti- 

bility 

Anhydrite 


<1 11 

-1.1 



SyWite 


“ '* 

-0.9 to “1.1 



Cal cite 


II II 

-0.6 to “1.04 


Powdered speci- 






men 

Dolomite 

Gerolfitein 

F. Stutzer 

0.91 

220 


Magnesite 

Frankenstein 

“ 

2.26-4.53 

220 


Serpentine 

Snarum 


10.87 

220 


Hornblende 

Lukow, Bohemia 


12.23 

220 


Augite 

Boreslau 


133 .13 

220 


Phlogopite 

Norway 

Puzicha 

184 

1 





195 

60 





207 

120 





212 

180 


Serpentine 

Harz 

" 

254 

1 





267 

60 





278 

120 





286 

180 


Serpentine 

Switzerland 

Kcenigsberger 

1300 



Ilmenite 

Egersund 

F. Stutzer 

30,740 

<220 

Powdered speci- 

Franklinite 

Franklin 

“ 

36,640 

<220 

men (esti- 

Ilmenite 

Norway 

Puzicha 

135,000 

1 

mated) 




252,000 

60 





216,000 

120 





196,000 

180 




Ore WCitierals (except iron ores) 


Pyrite 

Elba 1 

F. Stutzer 

4.53 

220 

Powdered speci- 






men 

Marliasite 

Briix 


5.43 

220 


Chalcopyrito 

1 Littfelcl 


32.15 

220 


Malachite 

NisohncTagilsjk 


34.41 

220 


Azurite 

Otavi 


39.85 

220 


Cassiterite 

Zinnwald 


88.3 

220 


Pyrolusite 

Thuringin 


127. GO 

220 


Arsenopyrito 

Ontario 


230.82 

220 


Wolframite 

Zinnwald 


240.81) 

220 

" 

C hromite 

Asia Minor 

1 « 

244.51 

220 


Chalcopyrite 

Ural 

J. Baburin 

(iOOO 

10.3 


Pyrrhotite 

Sudbury 

L. B. Sliohler 

125. OOfl 

0.5 

<’alculat«(l from 






magnetic an- 
oinaly 



Iron Minerals (except maKiiotite) 


Anlcerite 

Eisenerz 

F. Stutzer 

23.55 

220 

Powdered sub- 






j stan ce 

Anlcerite 


E. Wilson 

lOO 

101-160 

j 62.07% FgO 
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; iB—Cmduded 

SUSCEPTIBILITIES OF MINERALS 


Minteral 

Locality 

Intyeshgator 

StrSCEPTIBIlITY 

Xl(3« 

Field 

Strength 

IN Gauss 

Remarks 



Iron minerals (except magnetite)— Condizded 


Hematite 

Krivoj-Eog 

J. Bahurin 

40-100 

51.3 


Oxidized brown 

Irthlingborough 

E. Wilson 

83 

197 

44.76% Fe-»03 

iron ore 

Distr. 





lied iron ore 

Oberharz, Cer- 

Bdssiger & 

90 




many 

Puzicha 




lied iron ore 

tt It 

it It 

140 



Ked iron ore 

“ “ 

tt 

160 


With quartz 

Siderite with 

Siegerland 

Koenigsberger 

lOO 

No change 


quartz and 




with H 


chalcopyrite 






Siderite 

Siegen 

P. Stutzer 

33L45 

220 

Powdered sub- 






stance 

I'ine-grained 

Melton-Mow- 

E. Wilson 

100-105 

96-300 

53.12% FesOj 

limonite 

bray dist. 





Limonite 

Herdorf 

F. Stutzer 

210 J1 

220 

Powdered sub- 






stance 

Specular hematite 

Elba 


ca. 3200 

220 

Powdered sub- 






stance (esti- 






mated) 

Clayey iron ore 

Nottingham- 

E. Wilson 

215 

48-02 

34.28%Fc; 

from coal meas- 

shire 




2.32% FeiOs 

ures 






“ 

Derbyshire 


345 

86-lOS 

44.68% FeO; 






0.26% TesOi 

Yellow iron ore 

Oberharz 

Koenigsberger 

100-690 

400 


Oolitic brown iron 

Melton-Mow- 

E. Wilson 

210-300 

92-200 

58.88% FteOj 

ore 

bray dist. 


1 



Iron quartzite 

Krivoj-Rog 

J. Bahurin 

650 j 

10.3 ! 



Magnetite or Magnetite ore 

Magnetite ore 

Cornwall 

Wilson <fe 

0.1515 

10.5 

Max. 



Herroun 

0.204 

50 





0.31 

368 


Magnetite ore 

Kiiriinavaara 

G. G. Bring 

0.32 

1280 

A. ore 71 A% Fe 

Magnetite ore 

Gellivaara 


0.33 

1280 


Magnetite ore 

Kiirunavaara. 

Carlheim-Gyl- 

0.540 

70.964 

*'Staatsr&det IF 



lenskOld 




Magnetite ore 

Urals 

A. Turcev 

0.718 

8.7 





1.62 

65.3 





0.625 

522.2 


Magnetite ore 

Kiiruiiavaara 

Carlheim-Gyl- 

1.265 

70.964 

*‘Professorii IV” 



lenskold 




Magnetite quartz 

Kursk 

N. Stschodro 

0.457 

21.45 

Sample rich in 




0.160 

S58.1 

magnetite 
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Table 36 

SUSCEPTIBILITIES OF SEDIMENTARY EOCES 


Rock 

Locality 

Investigator 

Susceptibility 

X10» 

Field 

Strength 

IN Gauss 

Aahydrite «& 

N, Germany 

Heiland 

-I to -10 

0.6 

gypsum 





Rock salt 

u 

Koenigsberger 

-0.4 


Dolomite 

Nottingham- 

Wilson. 

1.8 

605 


shire 




Coal 

Waldenburg 

Koenigsberger 

<2 

5 

Limestone 

Leicestershire 

Wilson. 

3.8 

20O-515 

Sandstone 


Koenigsberger 

5 


Dolomite 

Balaton Lahe 

Steiner 

14 

0.5 

Sandstone 

Harz 

Puzicha 

15.1 

180 




16.2 

120 




16,7 

60 




16.8 

1 

Blue clay 

Irthlingborough 

Wilson 

20 

94-375 

Blue clay slate 

Charnwood 

“ 

39 

245-355 


Forest 




Shales 

Texas 

Collingwood 

44 


Sandy shales 

“ 

** 

48 


Shaly sands 



54 



Table 37 

SUSCEPTIBILITIES OF METAMORPHIC ROCKS 


Rock 

Locality 

Investicator 

Susceptibility 
X 10« 

Field 

Strenotii 




IN Gauab 

Amphibolites 

Uri, Switzerland 

Koenigsberger 

58 

0. 5-1.0 

Magnetite 

Krivoj-Rog 

Bahurin 

9000 


amphibolites 





Gneiss 

Bellinzona 

Koenigsberger 

10-260 

Very low 

Gneiss 

Gotthard 


12-25 

" 

Gneiss 

Parana, Brazil 

Malamphy, 
et al. 

2000 

JI = 0.235- 
0.255 

y. -o.m- 
- 0.06 

Metamorphosed 

Mt. Sorrel 

Wilson 

G1 

237-240 

slate 





Phyllite 

Switzerland 

Koenigsberger 

130 


Falcous slate 

Urals 

Bahurin 

3000 

1.3 

Schist 

Oberharz 

Rdssiger & 
Puzicha 

115 


Serpentine 

Harz 

Puzicha 

254 

1 5-50 

Serpentine 

Urals 

Bahurin 

14,100 

30.6 

Iron quartzite 

Krivoj-Rog 

“ 

550 

10.3 


Remabks 

Calculated froio. 
anomalies on 
outcropping 
cap rocliB 

Estimated 

Calculated 


Rb3m:a.rks 

Tciitiary 

A verage 
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Table 38 

SUSCEPTIBILITIES OF IGNEOUS ROCKS 


Rock 

Locality 

ll^VESTIGATOR 

SuSCEP-riBHilTY 
X 10« 

Tield 

Stbbngth 

IN Gauss 

Remarks 


Plutonic Rocks (arranged in order of increasing basicity) 

Granite 

Harz 

Puzicha 

8 

5 


Granite 


“ 

28 

1 





27 

60 





26 

120 


Gabbro 

Skye 

Ituecker 

2370 



Olivine-gabbro 

“ 

“ 

5610 



Norite 

Harz 

Puzicha 

52 

1 





89 

60 





107 

120 





106 

180 


Harzburgite 

Harz 

Puzicha 

7600-15600 



peridotite 

Aaregranite 

Uri, Switzerland 

Koenigsberger 

118 

0.5-1 .0 

Metamorphosed 

Basic streaks in 

Italy 

Hnecker 

400-1810 

47-67 


granite 

Aaregranite 

Uri, Switzerland 

Koenigsberger 

600 

0. 5-1.0 

Metamorphosed 

Granite 

Harz 

Puzicha 

1420-1900 

10-100 


Augite-ayenite 


“ 

2720-3580 

10-100 


Diorite 

Harz 

Puzicha 

46.5 

1 





46.8 

60 





47.1 

120 





47.3 

180 


Nephrite 



20 

1 





20 

60 





20 

120 





20 

ISO 


Gabbro 


«4 

68.0 

1 





68.5 

60 





69.0 

120 





69.5 

180 



Volcanic Hocks 

1. Older Group 
(a) Parphpries 






Porphyry 

Harz 

Puzicha 

40 

180 





42 

120 





45 

60 





47 

1 


Enstatite- 

“ 


45 

1 


porphyry 



65 

60 





69 

120 





70 

180 


Syenite-porphyry 


• c 

48 

1 





64 * 

60 





95 

120 





120 

180 


(b) Diabases 
Diabase 

Harz 

Puzicha 

64 

180 





65 

120 





65 

60 





78 

1 


“ 

“ 


80-106 

10-100 
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Table SS— Concluded 

SUSCEPTIBILITIES OF IGNEOUS ROCKS 


Rock 

Locality 

iNVESTIGATOft 

Susceptibility 

XW 

Field 

Strength 

IN Gauss 

j Remarks 



Volcanic RocIlb— C oncluded 


Diabase 

Oberharz 

liSssiger & 

1050 

1 

Footwall 



Puzicha 




Olivine-diabase 

Aland, PinUuui 

“ “ 

2000 

0. 5-1.0 


Diabase j 

Oberharz 


3230 



“ 

Parana, Brazil 

Malamphy, 

4200 

1 //- 0.235- 

Migl'it l')e 

j 


el al. 


0.255 i 

1 Z *= -0.09- 
- 0.067 ] 

greater 

2. Younger Oroiip 
Dolerite 

Nottingham- 

Wilson 

1 

S8-130 

132-248 j 



shire 





Bfisalt 

Fulda 

Koenigflberger 

4X0 



“ 

“ 

“ 

080 

1 i 





810 

60 





1150 

120 1 

1 




1500 

180 


Biisalt 

Harz 

Puzicha 

680-1680 

10-100 


Dolerite 

Nottingham- 

Wilson i 

2790 

19. S 



shire 





Dolerite 

Leicestershire 

“ ' 

3910-4080 1 

23 -30 


Pillow lava 

Karadagh 

Turcev 

4365 1 

20.1 


Nephelite-basalt 

Tetachen 

Pockels 

0070-7170 i 


17.7' ;. inagii elite 

Bsisalt 

Kassel 

Koeiiigsberger 

6300 ‘ 



Basalt dike 

Northumber- | 

U decker 

10090 


IliKh value 


land 





Peridotite 

Petsanio, Fin- ! 

Koenigsberger ' 

12500 

0.5 1.0 



land j 


i 1 




D. Factohs Affkci'ing Hock ? 

Two factors affect rock magnetization: (1) iiiinoral (‘oinpositloii, (2) 
geologic history. 

1. Mineml com'podtioii. At first siglit it might b(‘ iissuinc^d that tlie 
magnetization should be dependent upon the iron coiitiuit. However, 
the valency of the iron is of far greater importance, sinc(‘ the t riv'ahuit iron 
is more magnetic than the bivalent iron. It is, tJiendorc', more appropriate 
to state that the magnetite content chiefly d{*termin(\s the iiiagmh i^^alion of 
rocks and formations. Next in order is pyrrhotite, t.h<!n lollows ilinenite 
and titano-magnetite, altlw^ugh data found in tluj literatun* i‘(‘gai*(ling the 
last two are conflicting. Basic rocks (abundant in augite, hornblende, 
olivine, and magiietite and lacking in quartz) arct morc^ magiKelic than 
acidic rocks (rocks abundant in quartz and acidic feldspars, such as (u-tho- 
clase, with little or no magnetite). 

Magnetization depends not only on tlie typo of magnet it! mineral but 
also on the quantity present. Approximate proportionality has been 



Chap. 8] 


MAGNETIC HETHOE 


315 


Table 39 

COERCIVE PORCE AND REMANENT MAGNETIZATION OF MINERALS'^ 


Mineral or Rock 

Locality 

Investigator 

Coercive 

Force 

Remanent 

MCaqnetiza- 

TION 

Maximum 

Field 

Magnetite crystal 

Traversella 

Weiss 

-0.5 

20 

(low) 

Magnetite 

Sweden 

Puzicha 

-7 

60 

4800 

Magnetite-lime 

Aran 

Wilson. & Her- 

-12.1 


525 



roun 




Magnetite ore 

Lake Champlain 

“ 

-15.2 


525 

(Fe, 50%) 
Magnetite ore 

New York 

“ 

-16.8 


525 

(Fe, 66%) 
Magnetite 

Kursk 

Stschodro 

-19.5 

7.5 

1073 

quartzite 

Magnetite 

Sweden 

Puzicha 

-20 

66 

lOO 




: -20 

70 

4800 

Magnetite ore 

Hey Tor, 

Wilson & Her- 

23.8 


525 

(Fe, 65%) 

Devon 

roun 




Magnetite ore 

Urals 

Tureev 

-30 

72.8 

522 

Magnetites 

Harz 

Puzicha 

-52 

53 

90 

“ 

“ 

ti 

-80, -96 

75, 78 

4800 

Ilinenite 

Norway 


-19 

7 

280 




-22 

7 

4800 


® With few exceptions, only data for magnetite crystals and magnetite ores are available. Helds in ganss. 


observed on rock powders mixed with kaown quantities of magnetite (see 
Fig. 8-15). According to Slichter^^, the deviation from linearity is due to 
the fact* that with an increase in magnetite the demagnetizing influence 
of the gaps between the magnetite particles decreases. 

From experiments made on powders of different fineness, Puzieba 
concluded that fine-grained powders have a lesser susceptibility than 
powders of coarse grain. Hence, plutonic rocks are generally more mag- 
netic than volcanic rocks. 

2. In the course of the geologic history of a formation, a number of physical 
forces are likely to affect its mag- 
netic properties. They are of a 
thermal and mechanical natoe and 
occur in connection with igneous 
intrusions, regional metaniorphism, 
tectonic movements, mechanical and 
chemical concentration, disintegra- 
tion, and lightning. 

The effect of lightning on rock 
magnetization is greater than is 
generally assumed. Current inten- 

L. B. Slichter, A.LM.E. Geophysi- 
cal Prospecting, 247 (1929). 



Wtiqftt kfatfnetife per m/He 

Fia. 8-15. Relation betw^ccn suscepti- 
bility and magnetite content (granite, 
magnetite powder) (after Piizicha). 
(Susceptibilities in field of 15 gauss.) 
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sities in lightning flashes are of the order of 20,000 amperes and gi-ve 
rise to considerable magnetic fields in their vicinity. This explains the 
irregular magnetic polarities encountered on exposed mountains, hill 
tops, and the like. Pockels showed by laboratory experiments that 


Table 40 

COEECiyE TORCE AND REMANENT MAGNETIZATION OF EOCKS* 


Mineba-l or Rock 

Locality 

iNrVBSTIGATOA 

COEKCIVB 

Force 

Remanent 

JVIagnetiza- 

noN 

Maximttm: 

Field 

Sedimeniaries 






Permian sand- 

Harz 

Puzicha 

-4 

0.05- lO-s 

230 

stone 



-250 

4.52- 10”» 

4800 

Metamorphics 






Serpentine 

Saixony 

“ 


15.5*10-> 

230 




-142 

51.7'10-« 

4800 

Iffnecus 






1 . Plutonic 






Granite 

Fichtelgebirge 


~30 

1.69-10--3 

230 




-61 

2. 92-10-2 

4800 

Granite 

Harz 

“ 

-18 

0.6-10-8 

230 




-161 

3.73-10-8 

4800 

Augite-diorite 

Norway 



0.28*10-3 

230 




-9.2 

0.66 *10-8 

4800 

Diorits 

Sweden 

Puzicha 

-8 

28* 10-8 

230 




-11 

34.3*10-8 

4800 

Augite*syenite 

Harz 

“ 

-21 

85*10-8 

230 




-32 

110*10-8 

4800 

Granite powder +- 

— 

“ 

-48 

0.5 

230 

10% pyrrhotite 





«» 

Diorite 

“ 

“ 

-24 

0.140-10-8 

230 




-82 

0.502-10-8 

4800 

Gabbro 

Harz 

Puzicha 

-7 

0.52-10-8 

230 




-64 

5.0-10-8 

4800 

Norite 


“ 

-65 

9.15-10-8 

230 




-97 

13.2-10-8 

4800 

2. Volcanic Rocks 






(o) Older Group 






Enstatite-por- 

Harz 

Puzicha 

-34 

2.66-10-8 

230 

phyrite 



-105 

7.54-10~8 

4800 

Keratophyre 

“ 


-47 

0.285 

230 




-135 

0.920 

4800 

Syenite-porphyry 

“ 


-110 

12.0*10-8 

230 




-226 

44.1-10-8 

4800 

Diabase 

“ 

“ 

-7 

0.43-10-8 

I 230 




-25 

1.77-10-8 

4800 

(6) Younger Group 






Basalt 

Werra 


-94 

15M0“8 

230 




-202 

545-10-8 

4800 


“ Fields in gauss. 


rocks actually may be magnetized by spark discharges from an induc- 
tion coil. Columns of basalt erected near lightning rods will even- 
tually show strong permanent magnetizations. The earlier geophysical 
literature abounds in articles in which authors have attempted to recon- 
struct the direction of the earth^s magnetism in previous geologic periods 
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from the magnetization of lavas and the like. Such deductions appear 
hardly justified, since so many factors, such as lightning, contact and 
dynamic-metamorphic effects, and mechanical stresses, can be of influence. 
Magnetizations of rocks, taken by and large, offer no positive evidence 
of changes in direction or intensity of the earth^s magnetic field in previ- 
ous geologic periods. 

The remanent magnetism of ferromagnetic substances decreases with 
an increase in temperature. In fact, all magnetic parameters (coercive 
force, remanent magnetization, susceptibility) are individually dependent 
on temperature. A correct analysis of thermal relations is difficult, since 
the same ferromagnetic body may not exist after changes in temperature, 
and another body may have been formed with different structural and 
chemical properties (magnetization of pottery and bricks). The intensity 
of magnetization decreases first slowly and then more rapidly with tem- 
perature until the critical, or ‘^Curie,'' point is reached (348° for pyrrhotite, 
526° for magnetite, and 645° for hematite). According to these figures, 
rocks could not be magnetized beyond a depth of about 20 kilometers. On 
the other hand, it is quite possible that by such extraordinary pressures 
and temperatures as occur in the earth’s interior, unexpected results may 
be produced. The sun, notwithstanding its high surface temperatures 
(590O°C.) has a strong magnetic field. Further, an analysis of the surface 
distribution of the earth’s magnetism has led to the conclusion that 52 
per cent of it originates in the core. When a magnetic rock is heated ta 
the Curie point and then cooled, its magnetism reappears at a much lower 
temperature. This is known as tem^pemture hysteresis of magnetization 
and occurs particularly in pyrrhotite. 

Considerable forces are at work in mountain building, folding, faulting, 
volcanic intrusions, epeirogenio movements, and earthquakes. They can- 
not fail to affect the magnetization of rocks and are likely to bring about 
changes in susceptibility and remanent magnetization. A reciprocal rela- 
tion exists between deformations caused by magnetization (magnetostric- 
tion) and magnetic effects due to deformations such as stretching (Yillari 
effect), bending (reciprocal Guillemin effect), and twisting (Wertheim 
effect). Different materials have quite different magnetomechanical 
characteristics. 

There is, further, a distinct magnetic hysteresis in mechanical cycles. 
When the stresses have ceased, the magnetizations never return to their 
original values. In connection with the possible relation of mechanical 
stresses and abnormal magnetic polarization, it is of great interest that 
negative magnetizations may be produced by simultaneous tension and 
torsion (see Fig. 8-16). Occasional strong magnetizations of drill rods 
and drill cores may be explained by this effect. 
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Disiritegmtion of rocks is efiective both chemically 
and mechanically. Since the trivalent iron is more 
paramagnetic than the bivalent iron, rock magnetisa- 
tion is much reduced when magnetite disintegrates to 
limonite or hematite. Conversely, in contact and dy- 
namic-metamorphic processes, the iron in sedimen- 
taries and other rocks is transformed from the bivalent 
into the trivalent form, so that concentrations of 
magnetic minerals are often found near intrusive 
bodies. The mechanical effect of disintegration is (1) 
to break up the magnetite particles and to produce 
a more fine-grained material, and (2) to increase the 
spacing of the particles and the path-reluctance. Both 
result in a decrease of magnetization. 

Concentration of magnetic materials has the oppo- 
site effect of disintegration. The relations discussed 
above between susceptibility, grain size, chemical 
changes, and thermal effects apply accordingly. Ex- 
amples of an increase in magnetization by concentra- 
tion. are contact-metamorphic zones and magnetite or 
black sands in gold placers. 

Structural forces may change the position of magnetic bodies in the 
course of their geologic history. When they have acquired remanent 
magnetization, their overturning may produce apparent abnormal polariza- 
tion. Similar effects may be expected from a change of position of solidified 
and magnetized portions of magma and lava flows. 

Ill, MAGNETIC INSTRUMENTS 
A. CONSTnUCTION- Pkimciples 

Instruments for the measurement of magnetic anomalies caused by iron 
ores were developed at an early date. In the nineteenth century a number 
of scientific institutions became engaged in the determination of th(i ele- 
ments of the earth’s magnetic field all over the gl(>l)e. For this purpose 
numerous types of instruments have been developed for land, oceanic, and 
aerial observations. When, fifteen years ago, magiietie prospecting started 
on its rapid development, extensive design expoineneo was thus available. 
Although the Schmidt-type magnetometers arc in most extensive applica- 
tion, a number of the other designs are employed for the same or different 
purposes. While preference is given here to the Schmidt magnetometers, 
other types of magnetic instruments are also discus.sed in view of their 
applications in mining and engineering. 


cf 



Eio. 8-16, Mag- 
neto- me chaai cal 
hysteresis loop for 
nickel (after Stein- 
haus) . 
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Magnetic instruments may be divided into (1) prospecting magnetome- 
ters, (2) instruments for regional magnetic surveys, and (3) observatory 
instruments. 

A second classification is based on construction principles and includes 
the following groups : (1) Instruments for finding the direction of the field 
by determining (a) the rest position of a magnet capable of rotation about 
a vertical axis (declinator, compass), a horizontal axis (inclinator, dip 
circle, dipping needle), or both horizontal and vertical axes (Swedish mining 
compass) ; (fc) the zero induction position of a rotating coil (the earth induc- 

-Z' 


r 


r 

Fio. 8-17. Action of three fixed-force oonipoiients on moving magnetic vsystem. 

tor and (.‘artli inductor compass) ; or (c) iateasity ratios as in iron-induction 
ineliiiometors. (2) In the second group are instruments for the determina- 
tion of the total intensity or its eoinponeats (a) by measuring the period of 
oscillation of a magnet in a horizontal or vertical plane; (b) by measuring 
the current induced in a rotating coil; (c) by measuring the induction in 
iron bars; or (d) by using a comparison force of some kind. These may be 
produced by (/) magnets or coils, (m) elastic suspensions, (n) gravity, and 
(o) moving electrons. 

A general theory of magnetic instruments may be derived from the action 
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of the forces on a magnetic needle free to move in space. Assume a Car- 
tesian system of coordinates oriented in the astronomic directions, north 
(a;Q, east {y'), and nadir {z'). Let the components of the earth’s magnetic 
force in these directions be X', Y\ Z'. Assume the x axis of another 
system to coincide with the magnetic axis of an imaginary needle free to 
move in all directions. Then y represents the component acting at right 
angles to it and z the component in the axis of revolution if the movement 
of the needle is confined to- the plane ABC. The inclination of this plane is 
given by the angle l, its intersection with the horizon by the angle (azi- 
muth) a, and the position of the needle on the plane by the angle tj (Fig. 
8-17). The force acting upon the needle may be expressed by its three 
components x, y, and z as function of X', Y', and Z' : 

X = X' (cos a aos 7j ^ sin a sin rj cos t) 

+ (sin a COB r) — cos a sin cos l) 

-f- Z' sin t/ sin v. 

y = X' (cos a sin ?7 — sin a cos ?? cos 0 [ (8-14) 

-H Y' (sin a sin 97 4* cos a cos rj cos 0 
— Z' cos 7j sin t. 

z == — X' sin a sin 4 + Y' cos a vsin l -f- Z' cos u 

Since all magnetic matter is polarized, the forces acting upon north and 
south pole balance each other so that x = 0. The three terms in each of 
the above equations may be reduced to two by revolving the system of 
coordinates through the angle of declination, so that X' = H, Y' = 0, 
Z' ^ Z, and a == 7nagnetic azimutli. The total force acting upon the needle 
is F = \/y- 4 z-, where m' is the magnetic pole strength of the needle, 

and 

'[H^cos a sin 77 — sin a cos 77 cos l) — Z cos 77 sin l]‘^ (8-15) 

4 [Z cos t — H sin O' sin 1 

This represents the force acting upon a needle free to move in any din^ction 
(Swedish mining compass). In all other magnetic instruments the move- 
ment of the needle is confined to the xj/ plane and the z component is neu- 
tralized by the pressure of the pivots in the l)earings. Then only the y 
component remains. Its couple is A = My, where M is the magnetic 
moment of the magnetic needle. Thus, 

A = M[H[(cos a sin 7 —sin a cos 7 cos 4) — Z cos 7 sin 4]. (8-16) 
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If the needle is not suspended in its center of gravit 7 , a moment due to 
gravity must be added. If e is the distance of the center of gravity from 
the axis, 

1)2 = —emg cos rj sin (S-lVa) 


If e subtends the angle f with the x direction and if the horizontal and 
vertical projections of e are a = e cos f and d = —e sin respectively, 

D 2 = —'mg sin t (a cos 1 ? -f d sin ??). (8-17&) 

In the equilibrium position D = A + A = 0 so that 


tan 7} = 


MH sin a cos i + M2 sin i + mg a sin 
Af H cos a — mgd sin 


This formula is fundamental for all magnetic balances. 


(8-18) 


B. Prospecting Magnbtometbrs 

1. In the Schmidt vertical magnetometer (Fig. 8-18) a magnetic system is 
balanced on a knife edge at right angles to the magnetic meridian. Its 
inclination is measured by means of a mirror attached to the system, in 
conjunction with an autocollimation telescope system. The center of 
gravity is on the south side below the pivot, and is usually readjusted so 
that the balance system is horizontal in the area under investigation. The 
balance system is surrounded by an aluminum case containing copper 
dampers, thermometers, and levels. The case, in turn, is protected by a 
cork-lined case to reduce the effects of abrupt temperature changes. The 
magnetic system is supported by a bridge with two quartz bearings . Three 
points on a movable arm fit three grooves on the underside of the system, 
the vertical motion of the arm being controlled by an arresting lever from 
the outside. 

The instrument is fastened to the tripod head by means of three pegs 
on the bottom of the case. In all models up to 1935, deflections were read 
by observing the relative displacement of two scale images. The scale 
had forty divisions, of which the 0-, 20-, and 40-scale divisions were marked 
by heavier lines which were used as ‘indices.'’ Some users adjusted the 
system to read 20 at a base station and used this reading as 0 so that subse- 
quent readings gave directly the positive or negative anomalies. In the 
optical system of the newer models the scale has 60 divisions. Mounted 
to the side of this scale is a glass plate with 3 index lines ; the double scale 
image is avoided and the range is 120 scale divisions. A teleobjective 
lens now gives twice the focal length compared with the earlier models. 
If there is any doubt in which direction the scale of an older type mag- 
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American Askania Corp. 

Fig . 8-18<z. Section and scale 
of Askania-ScFmidt vertical 
inagrio tome ter. 


uated tube for deflector 
newer models, stops are 
180^ and 90° positions. 

Formulas for normal (>])erating conditions 
are readily derived from eq. (8"18) b}'* writ- 
ing tan 2r] = (s — 6 ‘o) /f ; where So is the reading 
corresponding to 77 = 0 (20 in the older , 30 
in the new tolesc*opc3), s is the reading 
corresponding to r}, and f the focal length of 
the objective lens. Neglecting tan'^ ri com- 
pared with 1 , tan 97 = (s — so)/ 2 f so 
that 


netometer should be read, a magnet is placed 
under the instrument, south pole up. If this 
causes the readings to increase, the scale is 
being read in the correct direction. 

The magnetic system (earlier type) (see 
Fig. 8-19) consists of two magnetized bars 
(tungsten or cobalt steel) attached to an al- 
uminum cube, which carries the knife edge, 
the mirror, two lateral screws, and one verti- 
cal screw. The two lateral screws, provided 
with counter screws, are for latitude adjust- 
ment; the vertical screw is for the scale-value 
adjustment. In the newer models tempera- 
ture-compensated magnetic systems with 
steel frame, compensating aluminum spindle, 
and invar latitude spindle are used. If large 
scale values are desired, the brass screw may 
be replaced by a gold screw. 

The top of the tripod is graduated and may 
be rotated about a vertical axis. A detach- 
able compass 
is supplied 
with the in- 
strument for 
orienting it 
into the mag- 
netic prime 
vertical. Be- 
low the tripod 
head is a grad- 
magnets. In the 
])rovidod for the 



American Aakania Corj). 

Fig. 8-185- Simplified Ashania 
magnetometer. 
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« — = 2f Q cos c + MZ sin l + wgg sin l 

MB. cos a — ingd sin t 


(8~19) 


In the normal operating position, a = t/ 2 or Sr/S, t = 7r/2, and d and a 
are negative. Then 


^MZ — maa 

S — So = 2f 

Ttigd 


( 8 - 20 ) 


If a reading s corresponding to a vertical intensity Z has been obtained at 
one locality and a reading s’ at another with the vertical intensity Z’ , 
the difference in the readings 


. ^ ^ ^ 2fM(Z^ Z) 
mgd 

Hence, AZ = As*wigdj2lM — AZ ^ Asc, if 

— 

‘ ~ 2f 


( 8 - 21 ) 


( 8 - 22 ) 


is the scale value of the instrument. Eq. (8-20) may also be written 

2 — so that 


e(s - so) = Z - ^.ga = Z - Zo. (8-23) 

It is seen that (m/M)-ga is the vertical intensity for which the system 
is adjusted. 

If the instrument deviates from the correct azimuth by the angle 5, a 
cliange in scale value takes place and 

6^ = €0 H . (8-24a) 

2f 

Hence, the deflection decreases when the instrument is rotated to the 
north of the E-W position and if the reading is greater than 20. For a 
reading less than 20, the deflection increases. If the instrument is rotated 
to the south, the readings increase if greater than 20, and decrease when less 
than 20. For small misorientations (up to lO'^) the error cancels o\it in 
two diametrically opposite (Aa = 180°) positions. 

If the instrument is tilted, the effect is an optical one in the h]-\Y, and 
an earth-magnetic one in the N-S direction because the horizontal intensity 
becomes effective. Whether the errors produced thereby cancel in the 
mean of the two operating positions depends entirely on whether the tilt 
is produced by a wrong setup on the tripod head or by an inclination of 
the axis of rotation of the latter. An E-W component of tilt of the axis 
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of revolution causes a difference in the E and W readings which cancels 
in. the average of the readings. If the case is inclined, if the lid with the 
telescope is tilted, or if the instrument is so placed on the tripod head that 
an E“W tilt is produced, a change in reading results, which does not cancel 
in the mean of the two positions. Therefore, care must be taken to set 
up the instrument on the tripod head correctly leveled in the E-W direc- 
tion. The effect of a meridional inclination of the axis of rotation is the 
same for the E and W positions, does not cancel in the mean, requires a 



American Ashania Corp. 

Tig, 8-19b. Views of magnetic systems a to c of Fig. 8-1 Oa; d is compensated hori- 
zontal magnetometer system. 


correction or very accurate leveling in the N-S direction. Conversely, a 
N-S inclination of the case, of the bearings, or of the axis of revolution of 
the system cancels in the mean of the two positions, and the diflference in 
readings is sw — Sb = 2iH/e. It is seen that the tripod axis nuist be 
carefully leveled in the direction of the magnetic meridian. 

For increasing the range of the magnetometer, auxiliary magnets are 
used in the extension tube under the tripod head (in first Gauss position). 
If the scale has disappeared to the left (toward low readings), the magnet 
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is inserted south pole np; if the scale has disappeared to the right, the 
magnet is inserted -with its north end up. Then the additional field 

AZ = ± (8-24i)) 


and therefore the correction in scale divisions 


As 


-r2Mak 


(S-24e) 


where Ma is the moment of the auxiliary magnet, r its distance, and k is 
a deflection constant given by 




with L as the pole distance of the deflecting magnet and I that of the 
magnetic system. For the uncompensated Askania system ff == 51.7. 
More accurate results are obtained if the correction in scale divisions is 
determined experimentally on a field station where the scale is about to 
disappear by taking readings with and without magnet. Since the tenn- 
peratiire of the auxiliary magnets is of some influence and their moment 
and distance may change in transportation, it is advisable to use them only 
temporarily for large anomalies. When work is l)eiiig done for any 
length of time in areas with regionally different vertical intensities, the 
latitude adjustment screws should be used. 

As the Schmidt balances are instniinents based upon a coniparisoji of 
the earth’s magnetism with gravity^ eonsideratioii must )jc given bo t/hc 
pro)?leni whetlici* anomalies in gravity or charigas of gravity with latitude 
have any effect. Tlie effect of gravity on the scale value is given l)y 
fhat, if an instrument with 3 O 7 scale value is taken from 
the pole to the equator, its scale value would change from 30.00 to 30.15. 

The effect on the reading is approximately s„ — , so that 

a large gravity anomaly of the order of 100 milligals would produce a 
change of 5 . 47 . Heiieo, in practice, of variations in gravity may 

he disregarded, particularly since, most gravity anomalies are acc()nii)anied 
hy large magnetic anomalies. 

Variations ill temper aitire probabJ>' a greater change', in inagiui- 

tometer readings tliau any other physical fachn*; the tcm])eiui.ui-(i effec^t is 
due bo (1) a drop in the magnetic moment of th(^ needle with an increase 
in temperature, and (2) differential expansion of the ii'ietals in the magnetic 
system, giving rise to displacements of the center of gravity. The first 
effect may he partially compensated by the second, that is, by a suitable 
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mass adjiistixient. In the earlier style magnetic systems the steel blades 
were so arranged in reference to the alnminum block as to effect a displace- 
ment of the center of gravity to the north side, thus offsetting the rise of 
the system on that side with an increase in temperature. In the new 
compensated systems steel is used for the frame and compensation is 
effected by an aluminum spindle on the north side and an invar spindle on 
the south side, which are both provided with suitable masses. 

The drop of the magnetic moment M referred to above with temperature 
6 may be written 

Me = ilf2o(l - (8-25c) 

where iis is of the order of 0,00048 for good magnets of the earlier systems 
and about 0.00014 for the new systems; 0is the temperature in degrees C, 
usually referred to a normal temperature of 20®; and M^o is the magnetic 
moment at that temperature. If the above relation is applied to eq. (8-22), 
it is seen that the magnetic temperature effect on scale value is tolerably 
small. This is not true for the deflection whose change with temperature 

is given by sq — ^20 = — ♦ Thus the temperature coefficient/® 

mga 

T.C.f in gammas is 

r.c. = = _^^z. (8-25j>) 

0 

It follows from the above (considering the magnetic effect only) (1) that 
the reading se is less than the reading ^20 , (2) that the temperature coeffi- 
cient is negative and the temperature correction positive/^ and (3) that 
the temperature correction varies with the vertical intensity. It is also 
seen that an 'umomjiemated system with a of 5.10“^ and a normal scale 
value of 3 O 7 at Golden, Colo., (Z = 53,100y) would have a temperature 
coefficient of —0.85 scale divisions. It is obvious that a compensation 
must be effected which may be done by a suitable mass distribution. The 
effect of temperature on the latter may be expressed by the equivalent 
contraction or expansion of the gravity lever arms a and d in formula 
(8-20), so that ae = ^ 20(1 + p0) and de = (1 + q0), where p and q are 
the total expansion coefficients in the horizontal and vertical direction 
resulting from all metals, their masses, lever arms, and expansion coeffi- 
cients. Therefore the reading at the temperature 0 is 

— /X3 0) -- ngajl j- p0)l 

mgd{l — q0) 


The temperature coeJ]lcienth^LS the opposite sign of the temperature correction. 
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Again, the effect on scale value is small so that q0 may be neglected; then 
the temperature coefficient 

T.c. = (q - p) - + q). (8-25c) 

0 JH 

This equation gives two possibilities of compensation for temperature: 
(1) by making = —q, and p = q, (2) by omitting compensation in the 
vertical direction and selecting a material for the frame whose expansion 
coefficient is small. For steel, y — q = 1-1 X 10“^ which is 13 times less 
than jUs . Thus, if q = 0, 

T.c. = - Zu^,. (8-25^) 

Since mga/M is the vertical intensity Zo corresponding to the latitude 
adjustment (a = 20) of the instrument, and since Z may be put equal to 
Zo with reasonable accuracy, the temperature coefficient 

T.c. = = -Zo(n. + p). (8-25e) 

0 

For complete compensation, p must be made equal to — jUs . 

For any magnetic system whose mass distribution is known, the coeffi- 
cient p can be calculated beforehand; details are given in C. A. Heiland’s 
and W. E. Pugh’s article on this subject.^® The Ms may be determined by 
deflection observations. Since the temperature coefficient depends on the 
vertical intensity, a magnetic system compensated for one locality will no 
longer be compensated at another. 

Extreme care should be exercised in the transportation of the instrument 
■and in releasing the system, as very slight changes in the horizontal posi- 
tion of the center of gravity produce large changes in reading. From 
eq. (8-23) the apparent change in vertical intensity equals d{€s)/(la = 
— mgJM = about by for a displacement of only 10“^ cm. The change in 
scale value due to a vertical displacement of the center of gravity of the 
same order is 2f times less than the change in reading. The magnetometer 
is also quite sensitive to changes in magnetic moment, for d{€s)/(lM = 
mga/M^, That is, a drop in the magnetic moment of 1 gauss decreases 
the reading about 35 gammas. Therefore, it is necessary to keep the 
instrument away from magnets, power lines, and other demagnetizing 
effects. 

Insimment constants and corrections. The purchaser of a magnetometer 
usually advises the factory where he expects to use his instrument so that 


A.I.M.E. Geophysical Prospecting, 334-372 (1934). 



Cha-p. 


MAGNETIC METHOD 


329 


the magnetic system may be adjusted approximately to the magnetic 
latitude in his area (by shifting blades). After this adjustment has been 
made, the steel blades should not be changed by the user, since the temper- 
ature correction also depends on their position. On arrival, the magnetom- 
eter may require readjusting of the latitude screws so that the reflected 
scale is near 20 (or 30 for the 
new telescopes) at a base sta- 
tion in the area under survey. 

For two widely separated 
areas it is advisable to have 
two properly adjusted sys- 
tems. Where large anoma- 
lies occur, the scale value 
should be increased or auxil- 
iary magnets should be used. 

The scale value of a mag- 
netometermay be determined 
with (1) magnets, (2) coils, 

(3) observations in diferent 
. azimuths. A new instrument 
should first be tested for uni- 
formity of scale value by 
measuring and plotting the 
variation of reading with field 
changes produced by magnets 
or coils. Routine scale value 
tests with magnets are made 
with a long deflection rod 
which attaches to the tripod 
head and carries a slide with 
pivoted magnet holder. Scale 
value determinations should 
be made in the middle of the 
scale. Readings near 20 may 
be produced by a magnet set 
up on another tripod (in second Gauss position) or by using a deflector 
attachment especially made for this purpose (see Fig. 8-20). The average 
scale value should be adjusted to about 30 gammas for the earlier and to 
15 gammas for the new systems. It is useless to make the instrument 
too sensitive, as the errors are increased proportionally. In determining 
the scale values by magnet deflection, a magnet of known moment Ma 
is placed at a distance r on the deflecting rod. If the reading without 
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the magnet is So j the reading with the north pole of the magnet down is 
S 2 7 and th^ reading with the north pole up is Si (repeated by turning the 
magnet over two or three times and using two or three distances), the 
scale value^^ 

= ao = (check), (8“-26a) 

where k is given by eq. (8-24:41) and Ma is the moment of the auxiliary 
magnet. One of the auxiliary magnets should be retained for use as a 
standard and not he taken into the field. Tor the determination of the 
moments of other magnets from the standard, the following formula ap- 
plies, provided the unknown magnet and the standard are used in the 
same distance, 

M, = M.t . ; (8-26i) 

kgf/ka; = 1 if the magnets used for comparison are of the same length. 

Since magnets lose their strength with time and must be recalibrated 
at intervals, Helmholtz coils (Fig. 8-21) are often preferred. Current is 
supplied from dry cells, controlled by rheostats, and read on a milliam- 
meter. If I is the current in milliamperes, and C the ^'eoil constant'^ 
(deflection per mil.), the scale value 

2IC 

' (S2 - Si) * 

The Helmholtz coil may also be used for calibrating magnets by producing 
a number of readings (si — S 2 ) with the magnet first and then with the 
coil, and by adjusting the current until magnet and coil deflections are 
equal. Then 

«(si - S 2 ) = 4 = 2IC , (8-26(1) 

where r is the distance of the magnet, C the coil coiustant, I the current. 
Hence 

M. = /(7rV2k. 

Observations in different azimuths are used when deflection magnets or 
coils are not available. Readings are taken in tlic Id-W and N-S positions 
of the instrument; then the scale value 

SnH 

2f(a£3 — sm ) 

Por the vertical niagnetamcter. 


(8-260 
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where % is the reading in the north, Se the reading in the east, and E 
the horiaontal intensity taken with its approximate value from govern- 
ment maps. 

The temperature correction of a magnetometer is found by measuring 
the variation of reading with temperature. Temperature variations may 
be produced by setting up the instrument outdoors during periods of 
temperature rise or fall, by placing it in a box heated by alternating cur- 
rent or hot water, or by inserting a small coil-type heater in the case. Dry 


Amerkan Ashanio. Corp. 

Pig. 8-21. Helmholtz coil for scale-value determination, 

ice map be used to chill the instrument but should be applied with cautiou, 
since too rapid cooling results in a condensation of water vapor on the 
knife edge and thus in erratic readings. 

A second instrument should be used to observe or record the dail^ varia- 
tion and should be kept at constant temperature. Observations on both 
are taken with magnets permanently released. The instrument to be 
calibrated is read every five minutes and the corresponding temperature 
is noted. The temperature coeflScient is then given by the mean slope 
of the curve ^ = f(0). A least-square adjustment may be applied to im- 
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prove the accuracy. Plotting or recording the deflection and temperature 
curves separately has the advantage that the time lag between the reaction 
of the magnetic system and temperature may be allowed for by shifting 
them by the amount of the lag and calculating the temperature correction 
from corresponding values of reading and temperature. 

The base correction allows for gradual or abrupt changes of the instru- 
ment in the course of a survey. It is determined by checking back at a 
base station once or twice a day. If the difference in readings on checking 

in on the base is small (1 or 2 scale divi- 
sions), and if numerous stations have been 
made between base checks, the base cor- 
rection applied to any station p is 

- fa - . p, (8-27) 

where si is the first corrected reading, ^2 
the second reading, a the number of sta- 
tions made between checks, and p the 
number of the station after the first base 
reading. The application of the formula 
is based on the assumption that the change 
takes place linearly. If there is cause to 
assume an abrupt change in reading, the 
base correction must be applied accord- 
ingly. 

Magnetic variations are measured and 
corrected for as in all other magnetic field 
observations; procedures vary with accu- 
racy requirements and are discussed on 
page 367, A convenient recorder to use in 
connection with Schmidt magnetometers is 
illustrated in Fig. 8 -22. 

The latitude correction is a correction for 
the normal or planetary change of the in- 
tensity and is obtainable from government magnetic maps. In the verti- 
cal and horizontal intensities, the major components of planetary change 
are in the INT-S direction. As the vertical intensity increases toward north, 
the correction in this direction is negative; for the horizontal intensity 
which decreases toward north, the correction is positive. 

In the field operation of the instrument, the observer must exercise 
sufficient care not to have about his person any iron or steel objects, such 
as pocket knife, watch, keys and keytainers (if they contain iron), some 
makes of belt buckles, pencil clips, some makes of fountain pens, ring-binder 



American AsJoanta Corp, 

Fig. 8-22. Recording arrange- 
ment with magnetic system. 
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notebooks, and the like. The instrument case, Helmholtz-coil galvanom- 
eters, and so on should be set up a sujBficient distance from the magne- 
tometer (see page 373). Stations should be sufficiently removed from, 
fences, well casing, pipe lines, derricks, boilers, tanks, mine shafts, bridges, 
railroads, culverts, and the like, and from electric railways, power stations, 
magnetic separators, and other mine plants. 

The following steps are followed in operating the instrument: (1) Re- 
move instrument from case so that it may acquire the temperature of the 
air. (2) Set up and level tripod. Orient tripod head with compass into 
the magnetic prime vertical. Clamp tripod head; read and note position 
of index:, (3) Set up instrument on tripod, level with tube levels. (4) 
Orient into magnetic prime vertical (N toward E). (5) Adjust eyepiece 

position and mirror until scale is in focus and evenly lighted. (6) Take 
several readings (at least three), arresting and releasing the system for 
each. (7) Read and note time and temperature. (8) Clamp system, 
rotate to N in W position. (9) Repeat (6) in this position.^^ (10) Clamp 
magnetic system. Push in safety lock. (11) dismantle station. Do 
not jar the instrument when placing it hack in its case. 

Table 41 is a specimen ield record and office calculation. The jOirst 
occupies the left, the second the right side of a notebook in the correspond- 
ing horizontal columns. Anomalies are figured in reference to a base 
station. The forms given here may be readily modified to suit special 
conditions. 


Table 41 
PIELD RECORD 


NTo. 

LOCA.TION- 

DjIlTB 

Time 

Tripod 

Rbadintgs 

Av. 

Magnets 

Temp. 

20 

NE cor. 
Sec. 15 
R52 W 

T 1 S 

July 

20, 

1936 

10 A.M. 
58 to 
11.02 

I 

42” 

(222°) 

E 30.0 30.1 
30.2 

30.1 

^ T j i^one 

32° 



W 29.8 29.9 

30.0 

29.9 

down ' 



OFPICE RECORD 



.Se 

Temp. 

Magntet 

1 Var. 

Latit. 

Base 

Core, i 

Base 

Anomaly 


(l) , 

COBR. 

Cdek. 

COKR. 

Cork. 

Core. 

1 Eead. 

(r) 

Ct) 

30.0 

900 1 

-12 

none 

-h50 

“hio 

+•12 

4-960 

+500 

+460 


In rapid reconnaissance surveys and when anomalies are large, one or two 
readings in each azimuth are sufficient. For further increase in speed, other types 
of magnetometers not requiring a tripod (dip needle, author’s Cardan-suspension 
magnetometer) should be used if they meet the accuracy requirements. In a Schmidt 
balance the time required for setting up, leveling, and orienting is out of proportion 
compared to the time consumed in taking the readings. 
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Jyraeiuai4Ki 

Scaief 


2. The Schmidt horizontal bahnce^^ is intended for the naeasnrement of 
horizontal intensity anomalies. It is so designed that it fits the vertical 
magnetometer tripod. Therefore, .vertical intensity measurements may 
be followed immediately with horizontal intensity determinations at the 
same station. The first horizontal magnetometers were constructed with 

a cylindrical case surrounding a 
vertical magnetic system bal- 
anced on a knife edge (see Fig. 
8-23). For the later models no 
special case was made, the round 
I case shown in Fig. 8-1 8a being 

adapted to both horizontal and 
vertical magnetometer systems. 
^ simplification from 
construction point of view; 
^orkfi/jirrg jg fg^^sible to uso one case 

/ \ and to insert first the vertical 

Mirror J \ i i i i i 

orfSysMrrr r^] y ] A/cmitriim Body and thcii thc horizontal mag- 

netic system. 

ii The constriictioii of the hori- 

(yuarrz A.— ^ i — ScT9ovs 

Kmfo Ecfse i ‘ ' Scale Vofue zontal and the Vertical balances 

is similar. In the earlier type 

Copper-^ hffp wJLJDoI- ^ . 

Ooffjper V of system illustrated in Fig. 

U- ■•iiSSfejp' 8-19 an aluminum cube carries 

1 1 V a knife edge and two magnetized 

^ ^ \ steel blades, mounted in a verti- 

\ cal position so that when the 

\ systeiii swiiigs ill tliG magnetic 

meridian, a deflection will be 

. n produced by thc horizontal 

inteasity anomaly. The nor- 

/rm inal horizontal intensity is 

uiisyinmetrical 

mass distribution; thc center of 

Fjo 8-23. Section of Askania-8chinidt liori- to the iioith and 

zontal magnetoivKUcr. above the axis of rotation. 

The magnetic system carries a 
mirror whose deflections can be read on an autocollimational telescope 
system as in the vertical magnetometer. Tlicnnometers, levels, dampers, 
and arresting mechanism arc likewise provided. In thenioi-e recent types, 
compensated systems and telescopes with teleobjective lenses are em- 


OhJecA-i'/e 

Lens 


U/rror ^ 
onSysmm 


Kn9frf/3rX\ 

Jjfee/ Bar li-' '•< 

apper 

Oomper 




Cork fIfJirrg 


Body 


^ofhpude 
Acgusfmenj 
^ ^ Screi>vs 
''Scale Uatae 

/^■jy.jsln7^r7fSi 

■ Amsfiny 


Ihortnomefurs 


fArrestfny 

Knob 




Fjo 8-23. Section of Askania-8chinidt hori- 
zon tal maffnetom<‘t<*r. 


Uoiland, op. r/7., 261-31,3 (1<)20). 
Ibid. 
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ployed. The tripod aad compass of this instrument are the same as in 
the vertical magnetometer except that the auxiliary magnets are used 
in a horizontal and not in a vertical position. 

Tor a deviation of the theory eq. (8-18) may be used, making allowance 
for the fact that the zero position of the magnetic system is vertical and 
that the components a and d of the gravity arm are interchanged because 
d is now parallel to the magnetic axis. Then 

. MH, cos a — mga sin t /o no \ 

tan ip = Yra-i : . i t "' . • (8-28Gf 

JfH sm ados I + MZ sin l -h mgd sin t 

In the operating positions, a = 0 and t = 7r/2, so that 


and the reading 


MZ + 


(8-285) 


a — lur'r (8- 28c) 

ML — 

which may be written 

where mgaJM is the horizontal intensity Ho for which the system is ad- 
justed, and 

2fM 1 


is the reciprocal scale value of the horizontal magnetometer. 

If the instrument is not oriented correctly, an appreciable error may be 


introduced. If in eq. (8-28a), t = 
we have for the difference of correct 
reading, and reading in the azimuth 


^ (cosa - 1). (8-29) 

The curve shown in Tig. 8-24: has 
been calculated for a horizontal in- 
tensity of 21,7907 and a scale 
value of 157 i^^ Golden, Colorado. 
An azimuth error of 40' produces 
an error of one-tenth of a scale 
division; hence, the effect of mis- 


■/2 and if eq. (8-28c) is substituted, 



8-24. Effect of azimuth changes on 
hori zoii tal <agae tometer . 
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orientatioa is much greater on the horizontal than on the vertical field 
balance. As it is not customary to apply a correction, the instrument 
must be set up accurately before readings are taken; the graduated 
circle on the tripod head furnishes the required accuracy. 

k tilt of the instrument in any direction may be resolved into a com- 
ponent In in the N-S and another % in the E-W direction. The influence 
of the former is of an optical nature, and the change in reading 

ks = rt2f(r(nN- — ^)j (8—30) 

where no is the reading of the level bubble (mean of the two ends) in the 
horizontal position, the xi&w reading if the instrument is tilted to-^ard 
north, and or the scale value of the level. For an old-style telescope, 
2f(T — 0.2. As it is not customary to apply a correction for incomplete 
leveling, the instrument should be leveled within one-half a division in 
the N-S direction; at right angles thereto, not so much care is necessary. 
In comparison with the vertical balance, greater care in leveling is neces- 
sary in the plane of oscillation of the system, since two operating positions 
to cancel the effect are not available. 

As in the vertical instrument, auxiliary magnets are used for determina- 
tions of scale value and for increasing the range, and they are applied in 
the second principal Gauss position. If the scale has disappeared toward 
the south (readings too great), the auxiliary magnet is used with its north 
pole toward north. The correction is positive, since the effect of the 
magnet is negative, and vice versa. The correction in scale divisions 


r2 



Variations in vertical intensity affect the scale value and must be allowed 
for. As the horizontal balance is generally used in conjunction with the 
vertical instrument, the vertical intensity is known. From eq. (8-“28e), 


Ae = 


2f 


(8~32a) 


The vertical intensity effect is positive for deflections to one side and 
negative for deflections to the other side of 20. Therefore, the correction 

AH = A€(s - 20) = ^ (s - 20). (8 -32i)) 

As differences in H are figured from the base station, differences in Z 
should be taken the same way, provided that the scale-value determina^ 
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tions incorporating the original Z are made at the same station. The 
diagram shown in Tig. 8-25 represents the vertical intensity correction as 
a function of readings from 20 and difierence in vertical intensity. 

As in the vertical magnetometer, the effect of gravity variations is negli- 
gible. The influence of temperature may be described in the same manner 
as for the vertical magnetometer (eq^s. [8-25]). Employing the notation 



Fro. 8 - 25 . Effect of vertical intensity changes on horizontal magnetometer. 


in these equations, the following formula is obtained for the combined 
magnetic and mechanical effects of temperature : 


® lMZ{l - - mgi{l - 

For a compensated system, 


(8-33) 


— jXs = p and q = , (8-34) 

mgd 

conditions which are effected in the earlier magnetic systems by shifting 
the blades and in the newer systems by suitable spindle adjustment. The 
effect of temperature on auxiliary magnets is the same as in the vertical 
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magnetometer and is given by dKfdQ = — H^ia , where H is the field and 
fjLa the temperature coefficient of the auxiliary magnet. Since the absolute 
sensitivity of a horizontal balance is usually greater than that of a vertical 
balance, it should be especially well protected against shocks. As before, 
d{€s)/da = —mg/M; a change of a by 25 X 10"“® mm is sufficient to pro- 
duce a change of one scale division if €h = 15r- For changes in magnetic 
moment the equations for the horizontal and vertical magnetometer are 
the same. 

Procedure in the latitude adjustment of a horizontal magnetometer is 
the same as in the vertical balance. Scale value determinations may be 
made (a) with magnets, (6) with coils, (c) by observations in different 
azimuths. Contrary to the vertical balance, the Helmholtz coils are set 
up with coil planes vertical, and magnets are used in second instead of 
first Gauss position. While the coil formula (8-26c) remains the same, 
the numerical factor and deflection constant, k, change in formula (8“26a), 
so that the scale value 


€h == 


2Mak 

(s2 - Si)r^ 


where 


k = 1 + - 

y.2 


(I ^ 


(8-35) 


Scale values may be obtained from observatioas in different azimuths 
■where the horizontal intensity is known. From eq. (8-29) en = 

where s„ is the reading in the azimuth a. Observations 

{Sa S) 

may be made in various azimuths to increase the accuracy, which, how- 
ever, is dependent on how accurately the horizontal intensity at the station 
is known. The azimuth cannot be varied more than 12- 13 degrees either 
way from north. 

Moments of auxiliary magnets, temperature correction, tnise correction, 
auxiliary magnet correction, and planetary and diurnal variation correc- 
tions are applied as in the vertical magnetometer. 

Likewise, the operation of the horizontal magnetometer is virtually the 
same as that of the vertical magnetometer, except that, only one operating 
position is possible. This results in an increased numlxu’ of i*(‘adings in 
this position and greater care in orientation and leveling. 

The general directions given previoushv for theapplieatitjii of the vertical 
magnetometer apply, especially in regard to the selection of stations. The 
steps in the operation of the horizontal magnetometer are as follows: (1) 
Remove instrument from case so that it acquire.s llif‘ t,ernp(‘ratui‘(' of the 
air. (2) Set up and level tripod. Orient tripod head with compass in 
the magnetic meridian. Fasten tripod head with screw, ilc^ad and note 
position of index. (3) Set up instrument on tripod; level with tube 
levels. (4) Orient instrument in magnetic meridian (N toward north). 
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(5) Adjust eyepiece and mirror until scale is iix focus and evenly lighted. 

(6) Take a number of readings; arrest and release system betw'een read- 
ings. (7) If necessary, use auxiliary magnets. (8) Read and note time 
and temperature. (9) Clamp magnetic system. Push in safety lock. 
(10) Dismantle station; avoid jarring instrument when placing it into 
case. Calculation forms for the horizontal magnetometer (Table 42) are 
virtually identical with those for the vertical magnetometer except that 
readings are entered for one operating position only and that a colunm for 
vertical intensity correction is added: 


Table 42 
FIELD RECCED 


No. 

Location’ 

Date 

Time 

TKffOD 

Eea-dings s 

HAGNEr 

Temp. 

20 

NE cor. 

Sec. 15 

R 52 W 

T 1 S 

July 

20, 

1936 

11 a.m:. 
04 

-12.07 

42“ 

i 

3.8, 3.9, 4.0 

1 

1 

ilf = 100 
r = 30 
Fin S 

32°. 0 


OFFICE RECCED 


«~20 

is ~ 20 ) 

Xc 

(t) 

Temp. 

Cork. 

(7) 

Masnep 

COBR. 

(y) 

Var. 

Cork. 

(7) 

Latit. 

Coer. 

(r) 

Vert. 

Int. 

Core. 

<7) 

Ba.se 

Cork. 

(y) 

Core. 

Lead. 

(7) 

Base 

(y) 

Anom- 

aly 

(7) 

-16.1 

-242 

-12 

-370 

-279 

-8 

-6 

-12 

-889 

-270 

-619 


3. In HaalcFs universal holance^^ the magnetic system consists of a 
^ ^magnetic cross’^ Horizontal and vertical blades are attached to an 
aluminum cube which carries a mirror on its side whose deflections are 
observed by means of a telescope with an autocollimational system. The 
magnets are fastened to one side only for purposes of temperature com- 
pensation. Declination and vertical and horizontal intensity may be 
measured with this instrument. For this purpose two additional deflector 
magnets are provided, one mounted above at an angle of 45 degrees (at 
right angles to the imaginary magnetic axis of the system), the other 
below in horizontal position. The oblique magnet is used in horizontal 
intensity measurements; the horizontal magnet in vertical intensity de- 
terminations. The latter magnet is permanent while the oblique magnet 
may be taken out, changed in distance, and reversed in polarity. 

With reference to Fig. 8"26, the gravity couple is the same as in the 
vertical magnetometer, or A = —rng sin t (a cos d — d sin <5). The 
magnetic couple follows from cq. (8-16) by replacing the magnetic cross 

21 For illustratious, see H. Haalck, Die nagnetischen Yerfahren der angewandteri 
Geophysikf Fig. 72, Borntraeger (Berlin, 1927). 
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by an equivaleat magnet of moment M in the symmetry axis of the cross 
(see Kg. 8-26) and by substitution of 45^ + 5 for the angle 77 . Then 
from Di + D 2 = Oj 


0.707ilf[H(sin o; cos t — cos a) + Z sin t] + mgcc sin l 
0.707ilf[H(siii a cos t + cos a) + Z sin t] + mgd sin t ’ 


(8-36a) 


Since tan 5 = {s' — so) /2f, we have for a horizontal axis of revolution, 

(t = 7r/2), 

s - 5*0 _ 0.707M(Z — H cos a) + mga . 

which is the principal equation for the instrument. 



After the magnetic meridian has bcien detonninod hy a compass, the 
instrument is oriented into the h]-W position. If I 1 k‘ scale is 

not in the field, the hfjrizontal deflector iiiuh'riu'uth is a<ljust(al accord- 
ingly. Then 

s' - 6‘o 0.707i/Z i rnxja , 

2f o.roTMZi,,®,;' 


With, sufficient aecunicy nii fivcnifjie value of Z = Z# may he taken for the 
Z in the denominator, so that 


s = 


2fM 

0.707MZo i mgd 


0.707Z ± 


n^d\ 
M )’ 


{8-m} 
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where (0.707JfZo mgd)/2fM = ez , the ^Vertical-iateasity scde value” 
of the instrument. 

For measurements of horizontal intensity^ the instrument is used in the 
magnetic meridian and in two positions. The oblique deflector must be 
turned about its center when the magnetic system is rotated from a == 0 
to « = r. For the two positions^ from eq, (8~36a), 


{s' — So)n _ 0.707 J/(Z — H) dr mgd 
2f ^ (hTOTMiZ +^H) dr mp^Z^ 

(s' — So)s „ 0.707ilf(2 + H) dr mga 
2f 0.707ikr(Z -S) ± mgd ^ 


when a = 0 
when a = T. 


(8~36e) 


With the following two scale values for the horizontal intensity: 


and 


the readings 


€N = 


0.707M(Zo + Ho) zb mgd 
2fM 


0707M(Zo - Ho) d: mgd 
2iM 


= 0.707(z - H) =fc 
esSs = 0.707 (Z + H) rt 




^ (8-36/) 


\ (8-36^j 


with Snt = (s' — ao)N- and Ss = {s' — 5o)s • 

The difference of the two equations gives the horizontal intensity, so 
that 


1 

1.414 


(es'Ss ~ €NSisr) 


H, 


(8-36/0 


while their sum gives the vertical intensity 

2 (cs % + ck^n) = 0.707Z dr . (8-360 


The instrument may theoretically be used for the determination of the 
magnetic meridian since the latter is situated midway between two direc- 
tions near S-El and S-W in which the readings are equal. However, the 
procedure is involved and has ])een rarely used. 

4. Miscellaneous modifications of Schmidt magnetometers. In Am- 
bronifs modification of the Schmidt vertical magnetometer the scale is 
engraved on tlie end of the magnetic blade and is read on a prism telescope. 



342 MAGNETIC METHOD [Cha.p. g 

The double prism in it admits light from the outside and reflects the reading 
up to the eyepiece, with which an ocular micrometer is used. The case is 
provided with a copper mantle and is highly polished on the outside. In 
the Ostermeier balance the arrangement is essentially the same as in the 
Schmidt balance, except that the telescope is mounted horizontally on the 
side of the box. This places the instrument at greater distance from the 
ground and minimizes terrain effects. The case is likewise highly polished 
to reduce temperature interference. Watt's and Toepfer's balances differ 
from the original Schmidt only in construction but not in principle. 
Koulomzine's balance has a temperature-compensated magnetic system. 

In Koenigsberger's and Angen- 
heister's balances^ wire suspension 
instead of knife edge support is used. 
If Di is the magnetic, A the gravity, 
and Dz the torsional couple, two 
constructions are possible: (1) A 
may be so adjusted as to nearly 
compensate Di, and the residual 
may be compensated hy the torsion 
of the wire. In such cases the wire 
needs to have only a small torsional 
coefficient (1/6 to 1/10 of g). 
(2) D 2 may be made very small 
and then may be additive or sub- 
stractive to Dj . In such a case, 
Dz compensates A — Di or Di D 2 
and the wire has to be fairly strong. 
Kocnigsborgcu’ has used the frst, 
Angenheister the s(H*ond possibility. 
The latter suspended a very light 
magnetic system f roin heavy 
tungsten monocrystalline wires. 
The advantage of wire instruments 
is that they may he used as 
universal magnetometers if the 
suspensions are strong enough. 

5. The Hotchkiss su'perdi'p^^ is in- 
tended primarily for mea.siirernents 
of the total intensity and secondarily 
for dip determinations as sliown in 
Tigs. 8-27 and 8-28. A magnet rotates about a horizontal steel axle on 
agate bearings in the plane of the magnetic meridian. It may be adjusted 

N. H. Stoarn, A.I.M. K. Geophysical Prospecting, 169^186 (1932). 



Chap. 8] 


MAGNETIC MPJTHOD 


343 


in a position at right angles to the inclination by a counterweight at the 
end of a nonmagnetic bar fastened symmetrically to the magnet. The 
angle between the bar and the magnetic axis can be changed. The posi- 
tion of the counterweight changes the ^‘latitude^’ adjustment^ while the 
angle of the arm with the magnet controls essentially the sensitivity of 
the instrument. In the construction of the instrument, the centers of 
gravity of magnet and counterarm are made as nearly coincident with the 
axis of rotation as possible. During transportation, the swinging assembly 
is lifted from the bearings and pressed against two confining brackets. 
Readings in degrees are taken on a graduated circle. Zero of this gradua- 
tion is up at the highest point of the circle. A trigger is provided to re- 
lease the magnet from this position. The amplitude of swing from the 



vertical position of the north pole is proportional to twice the deflection 
angle measured statically as described below. A thermometer is mounted 
inside the instrument case. Tor dip determinations, the instrument is 
oriented in the meridian, the counter weight unscrewed, the counterarm 
placed parallel to the magnetic axis, and a number of readings taken. In 
making total-intensity observations, the counterarm is set at an angle f 
determined by the desired sensitivity and the counterweight is so adjusted 
that the rest position of the system will be at right angles to the direction 
of inclination. Since it is too laborious to determine both inclination and 
total intensity (which, moreover, disturbs the constancy of horizontal bal- 
ance essential for a relative instrument), total intensity alone is generally 
observed. 

The following theory holds for static deflections ^ from a rest position 
normal to the direction of dip when the counterarin is adjusted at the 
angle f . 
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Substituting 90 — I — ^ for j? in eq. (8-16), the magnetic couple 
for a = 0 is 


Di = MB. sin (90 - I - + MZ eos (90 - I - <p). 

When Di = 0, 

^ _ MB cos I 4- MZ sin I 

“ JkfHsinI - Wz'^r 


(8-37a) 


t»-376j 


Substituting H/T for cos I and 2/T for sin I, tan (f = co and ip = 90^ 
Without the counterweight the needle points in the direction of the in- 
clination. For intensity determinations the gravity action due to the 
eounterarna must be considered. It is proportional to the mass its 
arm e, and the angle \l/] hence, the moment i >2 = —em'g cos Sub- 
stituting + (p and f + <^5 (from Fig. 8-28), 

Dg = ^em!g cos - p). (8-”37c) 

In the position of equilil)iiiim, Di + = 0, or 


_ MU cos I -h MZ sin I — em'g cos ^ 
tan v - jgjj sf-f _ jjfz eoi I +. sin^' 

Substituting cos I = H/T, sin I = 2/T, and (H' + Z‘^) /T = T, 


(8~37d) 


tan <p 


MT — em'g sin (I +- f) 
em'g cos {I + f) 


(8-37e) 


For a critical angle fo = 90° — becomes 90° and the system swings 
into the direction of the inclination. Foi* two total intensities, T' and T 

M(T'-T) 


the two corresponding deflections are given by tan — tan = 
which for small angles, is A<^ = €AT, where the scale value 


em'g sin f ' 


em'g sin ^ 


(8-37/) 


Note the similarity of this scale value and that of tlu^ vcn-tical Schmidt 
balance, (e = mgd/2iM), The e sin $ oornbsponds fo d = e sin J". A 
diagram showing the sensitivity as a fimctien of angle f and furl lun- details 
concerning the oi)eration of the instrument arc given in Steam's article.^^ 
6. Early Swedish and American prospecting instrwnenls. Of simple 
construction, these instruments were designed for tlio rapid in(‘asiiroment 
of large magnetic anomalies atid an^ still in use for rapid r(H.‘onuaissance 
in many mining district; the use of more accurate inst runumis thei*e would 
offer no particular advantag(\ 


23 ihid. 
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The Swedish mining compass is probably the earliest magnetic prospect- 
ing instruineiit,^^ consisting essentially of alight needle in jewel and stirrup 
suspension, free to move in a horizontal and vertical direction. The case 
is carried over the ground by three cords tied together above the instru- 
ment. To compensate for the vertical component of the earth’s field, a 
small piece of 'vvax may be attached to the south end of the needle. 

ISTot only the vertical component but also the horizontal intensity affects 
the mining compass. Their action is somewhat involved, since the 
normal vertical intensity may be compensated b}' gravity, while the 
horizontal intensity is not. No actual measurement of H or 2 is made. 
The instrument is used qualitatively. In its practical application, it was 
soon discovered that the maximum indication is not found directly over 
an ore deposit (if, as is generally done, the vertical intensity is not fully 
compensated). 

The mining compass may be considered a dipping (or dip) needle^® 
with automatic meridian adjustment ; hence, in eq. (8-15) , a == 0. Further, 
since the pivot in the jewel is above the center of gravity, i = x/2 and 
Pi = M(I1 sin ^ — Z cos t]). For the gravity moment, Z>2 = —em'g 
sin L cos Tj = em'g cos rj^ where m' is the mass of the wax used to place 
the system approximately horizontal. From Di + A = 0, 



For full compensation of the normal vertical intensity Zo , MZq = em'g, or 

tan == — ^ . (8"d85J 


The mining compass may therefore be considered a vertical magnetometer 
with the horizontal intensity as scale value. Since H = Z cotan I, 

tan rj = tan I ^ . (8"-38c) 

Zj 


Hence, this instrument furnishes the magnetic inclination multiplied l)y 
the ^‘relative’’ vertical intensity anomaly and therefore acts like the dip 
needle. As the horizontal intensity may be written ; H = Hk ■+ AH, 


tan 7] — 


AZ 

Ho +■ AH’ 


(8-38r/) 


For illustrations see Fig, 510 on p. 41 of Fr. J . Berg's catalof^ue, Muguctor/ifiers, 
and Fig. 31 in Eugene HaanePs. OiitheLocatiotiand Examirialion of Magnetic On^ 
Deposits by Magnetonieiric MeasureyncntSj Int., (Ottiiwa, 1904). 

For difference between and “dipping’" needle, see p. 346. 
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This equation illustrates plainly that the greatest deflections will be ob- 
tained on the north side of an ore body (for, in the extreme case, 
— AH = Ho , and tj = 90°). 

The American mining compass, or meridian finder, an improvement of 
the Swedish mining compass, was produced in the United States in 1860. 
It was used for a magnetic survey by the Geological Survey of New Jersey 
in 1880. The needle is free to rotate about a horizontal axis, the bearings 
being mounted on upright aluminum strips capable of rotation about a 
vertical axis. A modification of the American mining compass is Prof. 
Louis^ dipping compass. In this instrument the needle rotates in both 
horizontal and vertical directions; the dip of the needle is observed on a 
semicircular vertical scale which is weighed down and pivoted in line with 
the axis of revolution of the magnet. The dial compass was first de- 
scribed by William Borough in 1581, and is essentially a combination of 
a sun dial and a compass. In application, the apparent time is determined 
for the locality and the instrument so turned that the shadow of the dial 
string falls on the dial division corresponding to this time. The plane of 
the sighting attachment is then in the meridian and the angle between it 
and the magnetic needle is the declination. Many magnetic surveys were 
made with this instrument in the Michigan iron ore region in the early 
days. 

The dip needle should not be confused with the dipping needle. The 
dipping needle is an inclinator, or an instrument for the determination of 
the inclination. In its magnetic system, the center of gravity is coincident 
with the axis of revolution. The dip needle, however, has a counterweight 
attached to its south side to compensate the inclination and is essentially 
a vertical intensity instrument. If it were used at right angles to the 
meridian, the deflections would depend on vertical intensity only. The 
dip needle has been employed extensively in thci J.akc^ Superior iron and 
copper country. In civil engineering it is fre(iueritly used for locating 
buried pipes and other iron objects. As shown in Fig. 8 -29, the dip 
needle^® consists of a circular case with graduatiem in dc^grees and zero 
division in the horizontal position. The needle is made of one or more 
magnetic blades; the pivot is made of steel and siip])<)rt(d l)y two agate, 
cup-shaped jewels; and the counterweight is a brass riv'ct or a movable 
rider. An arresting device is operat(‘d by a thumb kiver at t-h(i i-op. The 
meridian is first determined^’ by holding the cas(‘ horizontal and allowing 
the needle to adjust itself into the meridian. In this diret^tion the ease 
is turned in the vertical position for the observation of th<i deflection from 

N. H. Steam, A.I.M.E. Geopliysical Prospecting, 345-363 (1921)). 

Fig. 8-29a shows a dip needle with automatic meridian adjiistruent (gimbal 
suspension). 
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horizonta.1. Equations previously derived for the mining compass ([8-38a] 
and [8-38c]) fully express the action of the dip needle in the magnetic 
meridian. 



8-29. (a) Dip needle in gimbal suspension. (6) Ordinary dip needle. 



Tig. 8-30. Thoms on-Thalen imgne tome ter (after Haanel). 


The Thomson-ThalSn magnetometer is similar in coiistrviction to the 
Schmidt vertical balance. Anomalies in vertical intensity are not read 
in terms of deflection angles; they are compensated by changing the posi- 
tion of a deflecting magnet beneath the magnetic system. The differences 
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in tlie inverse cubes of the observed readings are, therefore, proportional 
to the differences in intensities. The instrument shown in (Fig. 8-30^^), 
contains a magnetic system consisting of two parallel cylindrical magnetic 
needles, mounted in a brass ring with like poles in the same direction. 
This ring is supported in agate, cup-shaped bearings by two pointed 
hardened steel screws. The arresting mechanism consists of another 
brass ring below the magnetic system. This ring carries four forks 
which lift the system off its bearings and press it firmly against two pillars 
mounted to the upper part of the circular case. Tlie compensating mag- 
net is slightly below the system, north pole up, and is attached to a 
long spindle, which ends at the top of the case. The spindle may be 
moved up or down by turning a keyed thumb-nut at the top of the case. 
This nut is graduated in centimeters, part of the threads being faced off 
for the divisions. The readings indicate the distance of the upper pole 
of the magnet from the magnetic system. 

The instrument is used at right angles to the magnetic meridian, placed 
in this direction by a compass mounted permanently on a long staff 
above the instrument. The deflection of the magnetic system is given 
by eq. (8-20), or tan rj = (MZ — mgo)fngd. Contrary to the Schmidt 
balance, r? in this equation is very large, since mga is too small to com- 
pensate MZ. Compensation is effected by a magnet producing, in its 
normal position, a field AZo = — 2Mako/ro (which is only approximate for 
this instrument, as the magnet is very close to the magnetic system). 

With the effect of the compensator, tan yj = ^Z — — AZo^ At a 

point with normal vertical intensity, the compernsating magnet is vso ad- 
justed that for its distance n the system is horizontal. At another point 
with the intensity Z, the compensator is moved to a distance r, so that 
the system is again horizontal. Then Z"' — Zo = 2M„(ki/n — ko/ro). 
For small differences in distance, ko = ki ^ k, and 

AZ = 2Ma'k(i - (8 39) 

\^i ro/ 

This formula is only approximate. A grapli showing r(o1k*al int(‘iisity 
anomaly as a function of compensator (li.staiuui has(!d on a nion' accurate 
calculation, has been published by Haaiiel."' In j)ra,cti(U‘ it would be 
preferable not to use any calculated effect, ljut to (-alibrate with Helm- 
holtz coils or deflecting magnets. 

In the Dahlblom pocket Magnetometer' a magmt is suspended in hearings 

28 SeeHaanel (op. cil.), Figs. 26 and 27 on pj). 57-58, and plate; F; also No. 5()7s.e. 
and No. 509, pp. 30 and 31, Berg’s catalogue. 

29 Op. cit.y p. 62. 
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as in a dip needle; however, the comparison force is not gravity but the 
torsion of a helical spring. 

The Tiherg indinator^ is essentially a compass. The needle rotates 
on a steel pivot in agate bearings and may be used in either horizontal or 
vertical plane; the sides of the compass case carry two studs which fit into 
the standards of the Thaldn-Tiberg magnetometer. 

The combined Thalen-Tiberg magnetometer consists of a tripod head with 
two uprights to receive the Tiherg inclinator and a horizontal arm with 
deflecting magnet for the determination of the horizontal or vertical in- 
tensity by the tangent method of Gauss or the sine method of Lamont.®^ 
In the tangent method, the deflection at a base station is given by tan ao = 
F/Ho , where ao is a normal angle corresponding to the horizontal intensity 
Ho at the base, and F is 27lfk/r\ At another station. Hi tan <xi = F; 
therefore, 

TT ^^0 tan Qjo F % 

Hi = — = . (8-40a) 

tan ai tan ai 

In the sine method, the needle is deflected and the deflecting arm is 
rotated until it is at right angles to the needle. Then, sin ao = F/Ho; 
at another station, Hi sin ai = F; thus 


H — ^ 

^ sin ai sin ori' 


(8-40i) 


Because of the proximity of the deflecting magnet, F is usually large, and 
conditions may be encountered were Hi is small compared with Ho sin ao . 
Then the needle cannot he made to occupy a position at right angles to 
the deflection arm. This defect can be overcome by using the ‘‘Dahlblom 
sine arm,^^ which makes an angle of 30° with the original arm. On the 
arm the distance of the magnet (and therefore F) may be varied by a 
pulley arrangement. The angle of deflection is kept constant at 30°. 
Then, Ho sin 30° == Fo , Hi sin 30° = Fi , or Ho = 2Fo and Hi = 2Fi . 
Therefore, Hi = Ho(ro/rj)^, where To and ri are the distances of the deflector 
corresponding to the fields Fo and Fi . Hence, in principle, the Dahlblom 
sine arm operates like the Thomson-Thaldn magnetometer. 

7. Other prospecting magnetometers based o)i balance or compass principle 
include those designed by Kohlrausch, Schmidt, De Collongue, Osternieier, 
Wilson, and the author. In the Kohlrausch deflection magnetometer, a 
compass is fastened to a vertical shaft^^ which may be moved up and down 
by rack and pinion in a tubular.extensicn of a pedestal and may be clamped 


Illustrated in Figs. 505, 506 s, and 507 s of Berg's catalogue, on pp. 9, 11, 12. 
Illustrated in Figs. 507 s, p. 12, and 507 s.d., p. 18, of Berg's catalogue. 

32 See illustration in H. Haalck, op. cit., Fig. 25, p. 29. 
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Fig. 8-31. Action of Kohlrausch deflection 
magnetometer. 


field will turn the needle in the E~W 
direction. After this adjustment 
has been made in a normal field, 
everything is left so adjusted, and 
at another locality, after the merid- 
ian has been determined mthowt 
the deflectors, the angle which the 
needle makes with the E-W position 
is observed. If the field of the 
deflectors is E and if its component 
in the S direction is Hi and in the 
E direction II 2 , (see Eig. 8-31), 
then -Hi = F cos and H 2 = F 
sin (p. If, at a base station, the 
needle is so adjusted that the 
needle points directly E-W, Ho = 
~Hi , or Ho = F cos ip. There- 
fore, H 2 = Ho tan <p. At a locality 
where Hi 7 =^ Ho , the deflection 17 
from the E-W direction is given by 

tan f8-4n 

Schmidt^ s compensalion rmgneio- 
meterk likewise designed for the de- 
termination of horizontal intensity 
by deflection, and the deflection 


in position. The pedestal car- 
ries two deflecting magnets 
which may be rotated horizon- 
tally on a turntable into posi- 
tions 30° west or 30° east of 
north. The north poles of the 
magnets are toward north, and 
the distance of the compass 
from these deflectors is so ad- 
justed that the north-south 
component of the deflector 
field compensates the normal 
horizontal intensity of the 
earth's field. Then the E-V 
component of the deflector 





Fig. 8-32. Action of iScJimidt componsa- 
tion horizontal inagrK? tonic tor. 
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angle is magnified by compensating most of the horizontal intensity. To ob- 
tain H with an accuracy of a few gammas by customary methods, it is neces- 
sary not only to use a comparison field of comparable magnitude at right 
angles to H, but to observe deflection angles with a high degree of accuracy. 
Obviously, the same accuracy may be obtained by compensating a portion 
of H, comparing the remainder with only a small field at right angles to H, 
and measuring deflection angles by crude means. The normal horizontal 
intensity is compensated in this instrument^^ by two magnets north and 
south of the compass box with their north poles oriented as shown in Fig. 
8-32. Above the compass box, in third Gauss position, is a small magnet 
at right angles to the direction of the compensating field. Then AH = 

P 

Hi — Ho and tan (p = , so that 

Hi — Ho 


jf3>k3 

2Miki 2M^W 


( 8 - 42 ) 


where M^ and are the moments of the compensating magnets, Ms that 
of the small comparison magnet, n , r 2 , and h their distances, and ki , k 2 , 
and ks their deflection constants. 

De Collongue deflectors have been constructed for horizontal and vertical 
intensity determination. The horizontal instrument is somewhat similar 
to the Schmidt compensation magnetometer. It consists of a compass 
box, a small deflector in the third Gauss and E-W position above the 
needle, and a large compensator, likewise in the third Gauss position, 
above the deflector. The compensator is always in the magnetic meridian 
and is moved up or down until the naagnetic needle points E-W. Thus, 
the inverse cube of its distance is proportional to the horizontal intensity. 
The vertical intensity deflector is similar to the Thomson-Thal^n magne- 
tometer and has been developed primarily for observations on board ship.^^ 
A compass card is equipped as usual with magnets but is not balanced by a 
counterweight, and the vertical intensity is compensated by a deflector 
underneath. As the ship travels from one point to another with a different 
vertical intensity, the compass card will show an inclination which may 
be compensated by moving the deflector. Thus, vertical intensity ob- 
servations are made here in the magnetic meridian. 

The Ostermeier universal magnetometer is, in principle, identical with the 
Kohlrausch magnetometer. The magnetic system of a Schmidt vertical 
magnetometer is used as the deflector, and the compass of the same 


Illustrated in A. Nippoldt, Erdmagrtdismxis, Einfuehrung in die Geophydk, 
II, 37 (Berlin, 1929). 

li lastrated in Nippoldt, op. cit., p. 41. 
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magnetometer is permanently mounted above the magnetometer. The 
vertical intensity is observed in the customary manner by a telescope 
mounted on the side of a box; the horizontal intensity is observed as iu 
the Kohlrausch magnetometer; and the declination is determined with the 
compass alone. 

The Wilson compass attachment is used with a Brunton compass at an 
angle of 30° in the same manner as a Dahlblom sine arm.^^ 



Tlu' Cardan mspemion mag ado met er^ desigiuMl by th(‘ aullior, is a 
vertical-intensity magnetonuter similar to a Dahlhloin pocknd, inagiu'- 
tometor, the comparison force being th<.‘ torsion of a hc^lical sj)niig. The 
magnetic system is so suspended that the axis of rfwolutioii eoincides as 
nearly as possible with its center of gravity. ( end of t h('li(*al springis 
attached to the magnetic system, and the ot her (uid is fastinuHi to a moval)le 
arm which maybe rotated about a horizontal axis by turning a poiiit(U’ on a 


Illustration in A.A.P.O. Bull., 1392 (Nov., 1931 j. 
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graduated scale on the back of the case. The helical spring is virtually with- 
out torsion when the magnetic system is vertical (at right angles to the mag- 
netic meridian) . Then the pointer is moved until the magnetic system is in 
a horijzontal position. If r is the torsional coefficient of the spring, and ^ 
is the angle through which the pointer was turned to bring the magnetic 
system into the horizontal position, MZo = where M is the magnetic 
moment of the needle and Zo the ^^normah^ magnetic vertical intensity for 
which the instrument is adjusted. At another station with the anomaly 
AZ, a deflection (p occurs, so that MM cos p = t<p or, with sufficient 
approximation for small angles, AZ = r/M, where r/M is the scale 
value of the instrument. The compass case (see Fig. 8-33) is suspended 
from a fairly long bar terminating in a gimbal suspension on the top. 
The compass for orienting the case into the magnetic prime vertical is 
permanently mounted on the upper ring of the Cardan suspension.^® 

8. Prospecting magnetometers based on other 'principles include the magne- 
trons, the slow-speed cyclotrons, and the magnetic torsion balance. Others, 
such as the iron-induction magnetometers, compass variometers, and 
earth inductors, will be treated under the heading of instruments intended 
for regional magnetic surveys. The earth-inductor gradiometer is dis- 
cussed in connection with the earth inductors. 

The magnetronb'^ is a special type of diode with a straight axial cathode 
and a cylindrical anode surrounding it. When a magnetic field is present, 
the electrons will not travel radially from the cathode to the anode but 
will be curved into circular paths. After a critical field is reached, the 
electrons return to the filament Avithout reaching the anode (see Tig. 
8-34a). The critical field strength appears as an abrupt drop in plate 
current (see Fig. 8“-34b). In the measurement of a weak field, as that of 
the earth, a solenoid is placed around the tube coaxially with the filament, 
and the current through it is so adjusted that the measurements take place 
on the critical part of the curve. The critical field strength is Ho = 
6.72 A/E/r, where E is the plate voltage and r the radius of the anode. 
The magnetron may be used not only for the measurement of the total 
intensity by adjusting its axis parallel to the lines of force of the earth 
field but also for any other component, as only the field in the direction of 
the axis is effective. The sensitivity of the tube can be increased by 
regeneration (passing the plate current through an additional solenoid). 
In practice, the field required to compensate the effect of the iinknoAvn 
field is measured. Hossiger^® designed an instrument intended for the 

36 Heiland, Physics, 3(1), 18-22 (July, 1932). 

37 See A. W. Hull, Phys. Rev., 3, 279-292 (Sept., 1923). M. ROssiger, Zeit. Ptys., 
43(7), 480-488 (1927). Idem, Zeit. Instr., 49(3), 105T13 (1929). 

3® Zeit. lastr., loc. cit. 
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measurement of magnetic anomalies on a moving support. The accuracy 
was approximately 4 O 7 . 

Slow-speed cydoirons^^ are designed to measure the time required for an 
electron to make one complete loop or revolution in the earth’s field. 
Since the path of the electron adjusts itself at right angles to the direction 
of the field, the total intensity is determined thereby. The present ac- 
curacy is only 100 to 300y. Mechanically, the principle involved is 
equivalent to a hood with two opposite windows placed over a source of 
electrons. At a given moment one of the windows is opened and the 



(a) 



Fio. 8-34. Effect of axial nciagiKitic field (a) on paths of (‘hM-troiiH, {h) (jii phdc* (Mirr<‘at 
ill inagn(*troiu (After Mull.) 

electrons are permitted to pass out to com|)k4,.o their loop in tlu^ inagrudic 
field and return to the other window. By opening this window at the 
correct time and by providing means for rc'cording th(^ arriving (dicetrons, 
the time required for one loop may l)e detorininfd. hi aetinil opcu-aticjii, 
the source of electrons is a heated wir(', and the opened and cdosed windows 
are suppressor grids. They are connected i-o a tube oscillator and are 

39 See K. H. Stehberger, Terr. Mag., 38(3), 184 (Sept., 1933); and Ann. Physilc, 
17, 278-292 (1933). 
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made periodically too negative ta allow passage of electrons. The en- 
trance of the electrons is detected by a direct current amplifier. By varia- 
tion of the frequency of the oscillator, the interval between the emission 
and return of the electrons can be gauged, since maximum reception is 
obtained when electrons leave one window on one cycle and enter the other 
on the next, or another wavepeak. If H is the intensity of the field, v the 
velocity of the electrons, e/m their specific charge, and r their radius of 

V 2 . 

gyration, H = , or H = - 7 ~* where n is the number of revolutions 

6>l7fb’ T KYI 

per second. Maximum plate current is obtained if the time of revolution 
is equal to the frequency / of opening or closing of the windows (or equal 

2 

to a multiple thereof). Hence, / = in, or H = r--j- •/. 

A torsion balance for measuring magnetic and gravity gradients was 
first developed by Eotvos.'^^ Berroth^^ perfected an instrument for the 
determination of gradients of vertical intensity. In the magnetic torsion 
balance, the hanging weight is replaced by a magnet suspended ver- 
tically. Two runs have to be taken, one with north pole up, the other 
with north pole down, since the magnetic axis of the suspended magnet 
usually does not coincide with the vertical. Magnetic and gravity gradi- 
ents must be measured separately, as the magnetic balance is also affected 
by gravity forces. In Berroth’s instrument one balance beam of a double 
balance is used for the determination of the combined magnetic and 
gr*avity ef ect, while the other measures the gravity effect alone. 

This procedure for measuring magnetic gradients is complicated and 
requires an expensive instrument. Eesults are not in proportion to time 
and money expended, considering that the vertical intensity gradient may 
quite readily be obtained from vertical intensity maps and curves by 
graphic differentiation. 

C. iNSmUMEOTS EOR REGIONAL MAGNETIC SURVEYS 

Most of these instruments were developed by government and state 
magnetic research institutions before the advent of the prospecting magne- 
tometers. Their purpose is a complete determination of the earth’s mag- 
netic field, generally at fairly widely separated points. The most suitable 
magnetic elements are declination, inclination, and horizontal intensity. 
Instruments for the determination of these elements are called ^hnagnetic 
theodolites.’'’ They include, in addition to an astronomic attachment, 
(1) an instrument for the determination of the magnetic declination 

Ann. Phys., 69, 354-400 (1896). 

Zeit. Geophys., 9(6/8), 355-368 (1933). 
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(declinator), (2) an attachment for the determination of the horizontal 
intensity by oscillation, (3) two bars for horizontal intensity determination 
by deflection, and (4) a dip circle for the determination of the inclination. 



American Askaiiia Corp. 


Pig. 8-35(2. Maj^nctic theodolite with dijclinator attachment. 



A m erica 7i A skn n ia Cor p. 

Fici. 8 - 356 . Miif^notic thaodoliti^ with (iofliMitor at tncliinont . 

The accurate determination of inclination lias long been a prolilem in 
regional magnetic surveying, and the clip circhi ha.s gradually boon reidaced 
by the earth inductor. This instrument offers great pc^ssibilities not only 
for determining the direction of dip, but also for measuring declination 



AIAOA'ETIO METHOD 


357 


. B] 

and horizontal, vertical, and total intensity. These applications will also 
be discussed in detail below. With perfection in earth inductor tech- 
nique, it is quite possible that the combination of elements selected for 
magnetic regional surveys may undergo considerable revision. On the 
other hand, a simple magnetometer based on the balance principle may 
easily be substituted for the dip circle, so that a complete determination of 
the magnetic field would consist of measurements of declination, horizontal 
intensity (as measured at this time), and vertical intensity. 



American Askania Corf. 

8-35c 

Fkj. 8-35c. Magnetic theodolite with oseillatit)n box attachment. 

Pin. S-^5d. Magnetic theodolite with inductor attachment. 

1 . Magfietic theodolites generally consist of a transit base with horizontal 
circle and horizontal telescope, to tvhich may be fastened an attachment 
with standards, tcdescope, and vertical circle for astronomic observations. 
Por the determination of tlic magnetic meridian, a small case with short 
magnetic needle, generally suspended in jew^els and provided with a re- 
flecting mirror, is used with the horizontal telescope. For oscillations, a 
wooden box attachment with torsion tube and thread suspension is substi- 
tuted for the declinator case. Deflection observations are made with the 
declinator needle, and two bars with deflecting magnets are attached to 
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^ngle of the coil "with the normal to the frame direction)^ the flux due 
to tI' is 0 and that due to y" is at a maximum when (p - 0. Hence, the 
current due to z" is max.+ and that due to y" is 0. If ^ = 90° (coil 
plane in plane of frame), the flux due to z'' is a max. that due to y'' is 0 . 
The current due to z'' is 0 and that due to is max.+, and so on. In 
Fig. 8-37, the e.m.f.’s induced in the coil are indicated by a dotted line. 
For the component the maxima occur at 90"" and 270°, while for z" 
the maxima occur at 0^ and 180°. The plane of commutation being at 
right angles to the coil, reversals in sign occur at the 90° positions for the 
next 180° ; therefore, the y" component is neutralized (provided the gal- 
vanometer period is large compared with the commutation period) and 
only the e.m.f. due to the z^' component remains. Its value is obtained 
from the last equation in (8-14), Changing the astronomic to magnetic 
components so that X' = H, Y' = 0, and Z ' s Z, 


z'' = — H sin a sin t -f Z cos t, 


(8-43) 


where a is the magnetic azimuth of the axis na' in Fig. 8-36, and t the 
inclination of the axis 56'. If the cross-sectional area of the coil is S and 
the number of turns the total magnetic flux, when the coil is normal 
to the field, is = SNz'\ Hence, for any coil position given by the angle 
with the y" direction or ^ 'phase'’ angle, 5 = 90 — 9 = co^, the flux ^ 


cos oct and the induced e.m.f, E = 

at 


SNz'^ CO sin (joL Substituting 


S = Trr* (in which r is the mean turn radius of the coil) and co = 27 rn (in 
which n is the number of revolutions per second), 


E == 27r^r^Nz"?2 sin ot 

f _ 27r^r*^iVz"'n sin oii 

R 


(8-44) 


where R is the resistance of the coil plus the resistance of t he gal vanoimMer. 

Inslantaiieous current value.s, speed of revolution, and |)has(! {ingbi are 
difficult to measure. Howu'vcr, by using a ballistic galvanonu't (;!• tlio 
quantity of ek'ctricity (which is indei^eiideiit of Uh^ angular vc'loeity) may 
bo determined. SiiieoE = —d^/dl, f = ( 1 /R) — fdl = tln^ (piaii- 

tity of electricity, cquahs (JQ = At two instaiief\s wlicn ilic 

fluxes are $>2 (at the end) and da (at th(^ hc*gininng of the motion), Q = 
(4^2 — 4^1) . 

/ (IQ = ^ . Since 4> == SNz'^ cos b in any pcjsiticni, 

1 R 


^ tt Nz / . . ^ 

Q = (c,;,s g, _ cos 52). 


(8-45) 
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The ea,rth inductor may be used for determinations of declination or 
inclination, or horizontal, vertical, or total intensity. 

To find the magnetic meridian^ the frame B and therefore the axis of 
rotation of the coil are set verticaL The azimuth, of the horizontal circle A 
is varied until the current vanishes. (In eq. [8~43], z^’ is zero v^hen 
a = 0® and t == 90®.) The accuracy of the meridian determination 
depends on the setting of brushes and commutator. By comparing the 
direction of zero current with the meridian direction as obtained from a 
compass, the commutator angle may be determined. 

To find the inclination with an earth inductor, the axis aa' is oriented 
in the magnetic prime vertical (a = 90°; z" = — H sin t + Z cos 0* The 
plane of the frame is rotated until the deflection of the galvanometer 
vanishes ( 2 " = 0; H sin t = Z cos or tan l = Z/H = tan I). The axis 
of rotation is then in the direction of inclination. 

For determining the horizontal intensity , axis 6&' is set vertical and axis 
ac' in the magnetic prime vertical. Then a = 90° and i = 90® so that 
z'' = —31. For ballistic measurements, substitute this in eq. (8-45) so 

2 

that Qh “ ~ cos 52 )- By turning the coil through 180®, 

= 0, 52 = 180®, and 

H = G- (8-46fl) 

where G is the galvanometer constant. 

To measure vertical intensity ^ the frame B is placed horizontally with 
the coil axis toward north, that is, ao/ in the magnetic prime vertical. 
Then, a = 90® and l = 0®; hence, in eq. (8-43) z" = Z. Using a similar 
procedure as outlined before, the vertical intensity as measured on a 
ballistic galvanometer, 


(8-46b) 

In some earth inductors a spring switch is provided, which, after the 
completion of one-half turn, cuts the coil from the galvanometer circuit. 
Sources of errors in earth inductors are phase shifts due to coil inductance, 
thermal e.m.f.^s due to brush friction, maladjustment of brushes, and the 
like. Tliese are discussed in more detail by Dorsey 
As shown by the above theory, the earth inductor is an almost universal 
magnetic instrument and is adapted to the measurements of intensity 
components and field directions. However, its predominant use at present 

N. E. Dorsey, “The Tkeory of the Earth Inductor as an Inclinometer,” Terr. 
Mag., 18 ( 1 ), 1-37 (March, 1913). 
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is in the measurement of the iaclination. Standard earth inductors in this 
country are those of the Coast and Geodetic Survey and the Carnegie 
Institution of Washington. The instrument of the former is illustrated in 
Hazard that of the latter in Dorsey^s article.^® Two types are made in 




American Aakanin Carp. 

Eic, 8-38. Larse iaductor. 


Europe by the Askania (hjnipany -- a larger typo For obscuvakjry use (see 
Fig. 8-38) and a small type far field Hurvey.s (sec Fig. 8-35)'. Details 


« Op. cit, %. 10, p. 77. 
Op. cit., fig. 2. 
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of earth inductor observations with record forms are given b 7 
Hazard/' 

The use of the earth inductor as a compass is based on its ability to find 
the magnetic meridian by the zero-induction brush position (seepage 361). 
In application (airplane) the brushes are so set as to make the required 
course angle with the axis of the ship; the pilot then navigates the ship 
in such a manner that the galvanometer on the instrument board shows no 
deflection. 

Magnetic intensities may be measured with the earth inductor by using 
the ballistic method previously discussed, by keeping the speed of the coil 
constant, or by compensating the field so that the speed is no longer of 
influence. In the constant-speed method the coil is coupled to a syn- 
chronous motor driven from a valve-maintained tuning fork, and the e.m.f . 
induced in the coil is measured with a potentiometer.^^ The compensation 
principle is applied in an inductor^^ provided with a pair of Helmholtz 
coils mounted to the frame B in such a manner that the field of the coils 
opposes the earth magnetic field in the 2 " direction. The compensation 
current is accurately measured by a potentiometer arrangement. A dis- 
advantage is the lack of homogeneity in the inside of the coil. This lack 
may be overcome by the new form of Helmholtz coils suggested by Fan- 
selau and Bock.^° In a compensation inductor suggested by the author/^ 
a large magnet compensates the major portion of the field and a smaller 
magnet is moved along a deflection bar for compensation. This instru- 
ment is suitable for any intensity component. The possibilities of the 
compensation inductor are well demonstrated by the fact that it has 
been proposed as a primary standard in absolute magnetic observatory 
work.''" 

The earth inductor gradiometer'^ is intended for the determination of 
‘^intensity gradients^’ in the north and east directions. It consists of a 
horizontal frame in which two coils rotate about horizontal axes. They 
are situated on opposite arms of a Kirchhofi- Wheatstone bridge so that the 
ratio of the e.m.f/s induced in the coils is observed. The Null instrument 
is a sensitive galvanometer set up on a separate tripod. When the coil 
frame is E-W, the axes of the two coils are N-S, which eliminates the 

Op. cit., pp. 77-84. 

^8 F. M. Soule, Terr. Mag., 36(2), 103-110 (June, 1930). 

W. Uljamn, Terr. Mag., 34(3), 199-206 (Sept., 1929). 

See G- Panselau, Zeit. Phys., 64(3/4), 260-269 (1929). F. E. Smith, Phil. 
Trars., A223, 186-191 (1923). R. Bock, Zeit. Phys., 54, 257-259 (1929). R. H. 
Bacon, Rev. Sci. Instr., 7(11), 423 (Nov., 1936). 

See P. Aguerrevere, Colo. School of Mines Quarterly, 27(3), 11-29 (July, 1932). 

E. A. Johnson, Terr. Mag., 44(1), 29-42 (1939). 

See I. Toman and T. C. Sermon, Magnetic Gradionieter,’’ A. I.M.E. Geo- 
physical Prospecting, 373-390 (1934). 
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horizontal intensity. Therefore, the E-W gradient of the vertical intensity 
is measured. When the frame is now turned into the N-S direction, the 
axes of rotation are at right angles to the horizontal intensity so that both 
H andZ (that is, the total intensity T) are now effective, Roman actually 
measures T by setting the brushes at right angles to the field (which 
requires a knowledge of the inclination) and calculates Z from it. This 
makes the method laborious, but it can be avoided if provision is made to 
turn the coils in their frame in such a manner that their axes of rotation 
always point north. 

3. (Iron) induction instruments are designed to measure the inclination, 
the vertical intensity, and the magnetic meridian. Induction inclinom- 
eters consist of a magnetic needle suspended from a thread or wire, and 
two vertical iron bars mounted opposite each end of the magnetic needle. 
One bar is up from the plane of the needle; the other is down. There will 
be a south pole induced in the upper end of the lower bar and a north pole 
in the lower end of the upper bar. This deflects the needle from the mag- 
netic meridian. Naturally, opposite poles are also produced in the bars 
by the poles of the needle. This effect can be kept down and is neglected 
in the following formulas. If F is the force produced on the suspended 
needle frona the induction in the bars, the deflection in the Lamont method 
is given by sin cp == F/H, where F = 2Zk"/d^, k'' is an induction factor, 
and d is the distance between needle poles and poles induced in the bars. 
Hence, 


Sin <p = --r— or tan I = 

If an astatic magnetic system instead of the magnetic needle is used, 
the effect of the horizontal intensity is eliminated, and the torsion of the 
suspension wire furnishes the i^estoring force that opposes the effect of 
induction in the bars. In the vertical intensity magnetometer designed 
by McNish,®^ the astatic system is represented by an armature consisting 
of two vertical bars mounted on the ends of a nonmagiiiotic vane (see 
Fig. 8~39). 

For magnetic meridian determinations, Rieber^'^ has designed a niicro- 
inagnetometer consisting of two iron bars mount(‘d end-tn-ond with a small 
gap and the fiber of a string galvanometer between tiiem. When alter- 
nating current of about 100 cycles is passed through the string, and if the 
bans are in the magnetic prime vertical,, the induction and string deficictioti 
are zero. 


Terr. Mag., 41(2), 1(51 (June, 1936). 

^^A.I.M.E. Geophysical Prospecting, 410 (192Uj. 
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4. Sine galvanometers are combinations of unifilar magnetometers and 
deflection coils so arranged as to give a horizontal comparison field in the 
magnetic prime vertical or at right angles to the needle. In the second 
case, the instrument is used as the ^ ‘sine” galvanometer proper; in the first, 
as a “tangent” galvanometer. The horizontal intensitv 


H = 


Cl 

tan ip 


or H = 


Cl 

sin (p ’ 


( 8 - 48 ) 


where C is a coil constant and I the current, measured by standard re- 
sistance coil, standard Weston cell, and potentiometer. For field instru- 
ments the coil constant may be determined by measuring deflections at an 
observatory where H is known, large instruments for absolute deter- 
minations of the horizontal intensity are described by 
Barnett^® and Hazard a smaller field instrument is il- 
lustrated by Nippoldt.®*^ 

5. Compass variometers are instruments intended for 
the measurement of the horizontal intensity on moving 
support. They consist of two compasses mounted some 
distance apart above each other. The force acting on 
either compass is dependent on the horizontal intensity 
and the attraction due to the other needle. Generally, 
the angle of spread between the two compasses is meas- 
ured, from which the horizontal intensity 



H = 


2Mk V' 


cos 


2 ^ 


(8-49) 


Fig. 8-39. In- 
duction vertical 
m ague tome ter 
(after McNish). 


where M is the magnetic moment of each magnetic needle, 
k a deflection constant, \p the spread angle, and r the distance of the 
needles. The instrument is well adapted to the ineasiiremont of horizontal 
intensity anomalies on board ship and in aircraft. It may be made into a 
vertical intensity instrument by using two compasses oscillating in vertical 
planes side by side with their plane of oscillation in the magnetic prime 
A^ertical. Details are given in publications of L. A. Bauer and others,^'' 
by E. B. Bramnmr/'^'’^ by G. Angenbeister,***^ and by K. Luykeii.^^ 


Pub. jNo. 175, Carnegjie Institution, 373-394 (Doe., 1921). 
Op. ciL, p, 38- 
Nippoldt, op. cii., p. 33. 

Pub. No. 175, Carnegie Institution, V, 339-351 (1926), 
Zeit. Iiistr., 46(12), 576-579 (Dec., 1925). 

Handb. Exper. Phys., 26 ( 1 ), 577-578 (1928). 

Zeit.- f, angew. Geophys., 1 ( 6 ), 163-181 (Oct., 1923). 
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D. Obseeyatouy Ihstrumei^ts 

Certain instruments now used in observatory practice are also applicable 
in regional magnetic surveying. Some of these may, by suitable modifica- 
tions, become of importance for magnetic prospecting. Observatory in- 
struments are employed (1) for the absolute determination of magnetic 
components, and (2) for recording magnetic variations. 

1. Instruments for absolute determinations are sine galvanometers, mag- 
netic theodolites, and earth inductors. These require no further discussion 
here, since their principles have been described before. 

2. Instruments for the recording of magnetic variations fall into two groups 
of different design, depending on whether they are intended for perma- 
nent observatories or for temporary setups in connection with magnetic 
exploration. In permanent observatories variation instruments are pro- 
vided for declination^ horizontal intensity, and vertical intensity. Some 
observatories prefer to record north and east components of the hori- 
zontal intensity. The variometers are usually set up in a straight line in 
the magnetic prime vertical so that the declination variometer oscillates 
in the magnetic meridian, the horizontal magnetometer in the prime ver- 
tical, and the vertical intensity variometer in the magnetic meridian.®^ 
For convenience in scale value determinations, Helmholtz coils are perma- 
nently installed on the instruments. Temporary observatories in magnetic 
exploration generally utilize the regular vertical or horizontal intensity 
magnetometers equipped with a mirror device. This device projects the 
light reflected from the magnetic system on a recording drum and carries 
a base-line mirror and a Bourdon tube for recording temperature. A. 
portable recording device using only the magnetic system of a balance 
magnetometer is illustrated in Fig. 8-22. A method for remote recording 
of magnetic variations by means of a balanced photoelectric cell arrange- 
ment has recently been described by Graf.®^"" 

IV. CORRECTIONS 

In magnetic prospecting it is necessary to elimiiuito or correct for tem- 
perature, daily variation, planetary variation, l)aso eliang(^, influence of 
iron and steel objects, terrain anomalies, and n^gional anomalies. These 
corrections Avill be discussed in the order indicattuL 

A. Tkmpekaturk 

1. Elimination. The action of temperaturo may be di.sregardcd in 
insiriiinents which are well insulated, are compensated for temperature, 

Bee Hazard, op. cit. (2nd ed.), Fig. 14, and pp. 108 112 for direetioiis for apemt- 
ing a magnetic observatory. 

A. Graf, Beitr. angew. Goophjs., 7(4), 357-365 (11)39). 
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or have low sensitivity. The same is true for recording instruments when 
they are compensated or used in rooms of constant temperature. 

2. Even when a temperature correction is applied, magnets and magne- 
tometers are usually well insulated in order to cut down temperature fluctu- 
ations and temperature hysteresis. An instrument finish of high reflecting 
power gives best protection against excessive temperature changes.®^ The 
procedure in determining temperature coefficients of Schmidt balances was 
described on page 331 Other magnetometers are treated in a similar 
manner. 


B. Mi.GNE'irc Variations 

Magnetic variations may be divided into periodic (daily or diurnal varia- 
tion), nonperiodic (magnetic storms), secular variation, and artificial 
variations due to stray currents, and the like. 

1. The diurnal variation is closely related to the earth rotation. It is 
greater and more irregular during the day than at night ; its amplitude and 
phase varies with season and latitude (see Figs. 8-40 and 8-41). Pro- 
cedures for elimination or correction are discussed below in ascending order 
of accuracy. 

When large anomalies are encountered or when the sensitivity of the 
instrument is low, the variation is usually disregarded. Variations may 
be eliminated by simultaneous observations with two instruments on suc- 
cessive stations. In stationary instruments magnetic variations may be 
eliminated by the use of astatic systems and by shielding where applicable. 

Moderate accuracy in the elimination of the variation is attained by 
checking back at a base station as often as possible and by considering the 
daily variation as part of the variation of the base value. If measure- 
ments at the base are not possible at regular intervals, it is advisable to 
select times between which the change is approximately linear. 

Curves as shown in Figs. 8-40 and 8-41 can give reliable data for daily 
variation corrections, particularly when measurements are made fairly 
near a magnetic observatory for which such curves are available. Allow- 
ance must be made for differences in mean local time as showui in the 
next paragraph. 

Greater accuracy is attainable by arranging with magnetic observatories 
for tracings or photostatic reproductions of their records for specific 
days. The curve-amplitudes must be multiplied by scale value and 
must be corrected for temperature (unless the instruments are com- 
pensated or are set up in constant temperature rooms) and for difference 
in local mean time between observatory and area under survey (AX of 

Por curves oa magnetometers of dilferent makes see J. B. Osterineier, Zeit. 
Erdoel. Berghau, etc., June K, 1930. 
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15° = 65 min. of Ai). Por some countries formulas are available giving 
diurnal variation as a function of latitude and longitude. With an in- 
crease in distance of the observatory from the area, these calculations 
decrease in accuracy, since the correction applies only to periodic and not 
to nonperiodic variations. This has been shown by Soske®^ who found 
differences between records taken near Pasadena and observatory records 
of Tucson (AX = 7°) amounting to 10-20y on days of magnetic activity. 

To what extent local meteorologic and geologic conditions affect the 


Mx. 6 n JS Mn. S J2 18 Mn. 6 12 18 Mn. 6 12 38 Mn. 



l/.CompMciitX £.Compone/ifY yiert. ComponentZ Dipl 


Fig. 8-41. ])iurnal variat-ion curves for X, Y, and Z (after Bartels). 

magnetic variations has been the object of some discussion. H. Aurancl,^^ 
in an analysis of survey data accumulated between 1928 and 1931 by the 
Midwest Refining Co., obtained conclusive evidence of the influence of 
meteorologieal factors (up to 5O7). Whether variable static charges are 
produced on magnetic instrumeiits by atmospheric electric fliiotuations or 
whether magnetic fields originating from electrically charged particles in 
motion are responsible is difficult to decide. Inasmuch as there appears 

J.L. Soske, Terr. Mag., 38(2), 1U9-11C (June, 1933). 

Personal com inimi cation to the author. 



370 


MAGNETIC METHOD 


[Chap. 8 


ta be a lelation between fluctuations of the atmospheric electric potential 
gradient and magnetic variations, it would seem reasonable that local 
meteorologic factors can be of influence. Vacquier®*^ has shown that, what- 
ever their cause, such local differences exist not only in the variations 
following local mean time but also in astronomical (nonperiodic, see 
2, below) variations as well (see Fig. 8-42) . 

It is also possible that local geologic conditions (rocks of high magnetic 
susceptibility) give rise to induction damping and smoothing of the curves. 
While Soske®^ could not find differences between variations recorded in 
Tucson and basalt areas in California, with local anomalies up to 3,5007; 
Koenigsberger®® concluded from the rock susceptibilities in two Alpine 
valleys that variation corrections may be in error by as much as 10-1 67. 
In such areas, however, his investigations were concerned primarily with 
nonperiodic variations. 

Because of possible discrepancies between observatory records and local 
magnetic variations, the only procedure which satisfies all accuracy re- 
quirements is the local determination of magnetic variations. This 
requires a second instrument which may he read by another observer at 
intervals of from 10 to 30 minutes (depending on magnetic activity) or 
may be provided with a recording attachment as previously described (see 
also page 356 and footnote 62a). The recording instrument should be 
free from all magnetic disturbances caused by electric power lines, tram- 
ways, automobiles, and the like, and be protected against temperature 
fluctuations. A recording hut or tent may be used for this purpose, or the 
instruments may be set up in mine tunnels where available. 

2. Magnetic storms occur approximately at tlie same (or astronomic) 
time all over the earth. Because of their irrfigiilar char;a€ter, rapid time 
change, and large amplitude, it is difficult to correct for tlu^m. To enable 
observers to distinguish them from possible loc^al offcicis, aniiouiieements 
of magnetic storms having occurred the week before are publislied regu- 
larly in the Oil and Gas Jonrnal,^'^ Arrangcamaiis may Ik‘ made with 
most observatories for collect telegraph report service. During a storm 
it is advisable to suspend operations, since stations oociipic'd at that time 
would have to be rechcckcd in any event. 

3. Secular variation is the slow change of uuigiHdj<i eleineiifs in the 
course of centuries. It is not the same all ovin' the earth. Clharts of 
lines of equal secular variation are published by the U. S. ('oast and 


Terr. Mag., 42(1), 17-28 (March, 1937). 

Loc. cii. 

“sZeit. Geophys., 6(2), 74-78 (1930). 

For an illustration of a niagactngrani of a magnetic storm, s(ie Oil and Gas 
Journal, 28(41), 41 (Feb., 1030). 
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Kkj. 8-42. IJiffereiioos 121 magnetic 'variaticD.s recorded tit various stations (aitei 
Viicquier) (a) in local time variations, (h) in astronomical time variations. C[ 
Tlicsoii ; C, Cheltcnhani; I, Eads (E. Colorado); III, Luniberton, S. jMiss.; H 
between Quitaque and Plainview, N. Texas; \", betwaioii Millcreek: and Randolph 
S. Oklahoma: A^II. ATin,d«.rVn ^ 
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Geodetic Survey. Approximate variatiou rates are also given on the 
charts of magnetic elements. This variation does not have to be con- 
sidered in magnetic surveying except when absolute values in relation to 
government stations are desired. For calculations of the planetary correc- 
tion and for adjustments of a magnetometer to a different locality, charts 
for any year may be used. 

4. ^^AriificiaV^ variaiions are due to both power lines and power plants, 
surges in A.C. lines, magnetic separators, electric tramways, their return 
circuit through ground, and anticorrosion currents in pipe lines. A magne- 
tometer should be set up at least 1,500-3,000 feet away from such sources 
of interference. Near tramways a magnetic station outside the return 
circuit loop is generally much less disturbed than one inside. There are 
exceptions to this rule if stray currents are carried to the outside by pipe 
lines and wires.^° Abrupt changes in the base value of a magnetometer 
may occur because of the demagnetizing eifect of power lines. Koenigs- 
berger reports displacements as large as 1407 when working near power 
lines. Transportation of magnetometers on electric tramways caused 
changes of from —5 to —35r, while transportation on railroads and auto- 
mobiles produced little, if any, effect. 

C. Planetary Variation 

Since the vertical intensity increases and the horizontal intensity de- 
creases toward the magnetic pole, the planetary correction is negative for 
the former and positive for the latter. The rate of change of magnetic 
elements with latitude and longitude may be taken from U. S. Coast and 
Geodetic or other world charts. For a given area an average value maybe 
assumed, or the magnetic lines may be transferred from such charts to the 
base map of the survey. For small areas and large anomalies (magnetic 
mine exploration) the planetary correction is generally neglected. 

D. Base Change 

This correction is applied to allow for changes in the l)ase value of 
magnetometers between cliecks on l)aso stations. Before the correction is 
calculated, base station readings must be oomKitecl for temperature and 
diurnal variation. If the difference does not exceed 15 2 O 7 in one day, 
it may l)e uniformly distril)utod among stations occupied between base 
clicoks. Larger differences indicain abrupt c^hanges and must bci corrected 
for accordingly. The observer is g(uierally in a position to tell from his 


Much iiiforinatioii has been published ou leakage ourretits in connection with 
corrosion problems. See, for instance, IJ. 8. Bureau of Standards Technologic 
Papers, No. 63, 75, 127, and so forth. 
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trayelog v^^hen such changes (shocks^ demagnetizing effects, and sc on) 
are likely to have occurred. Base readings should be plotted against time 
to separate random from systematic changes (variations, changes in tern- 
perature coefficient, and the like). 

E. Influence of Iron and Steed Objects 

Since it is impossible to correct for the magnetic fields caused by iron 
masses, the only remedy is to keep at a distance commensurate with the 
accuracy of the survey. For objects extending in a vertical direction, the 
anomaly decreases approximately in proportion to the inverse square of 
the distance. For predominantly hori^iontal objects, the attraction is 
approximately proportional to the inverse first power of distance. 

1 . Interference from iron objects about the observer (watch, knife, key 
ring, belt buckle, steel frames of glasses, suspender buckles, steel rings in 
notebooks, and the like) can be avoided since it is a simple matter to 
determine their influence by approaching a magnetometer from various 
sides, and from above and below. Objects found to be effective at the 
customary operating distance should be taken off. 

2 . The vertical field of the instrument case of a magnetometer with 
compass and auxiliary magnets is about 1257 at 1 yard distance to the 
north and disappears at 4 or 5 yards. 

3. A bicycle produces an anomaly of almost — 6 O 7 at a distance of 1 
meter. An automobile has, at 3 yards distance, a vertical field of about 
— 7 OO 7 , which disappears at about 25 to 35 yards. It varies somewhat 
with the direction in which the car is pointed and the position of the instru- 
ment with reference to it. . 

4. The field of a wire fence running N-S (the instrument being on the 
east side) is about ~350 t at 1 yard and disappears at about 36 yards. 

5. The influence of a bridge varies considerably, depending upon con- 
struction and material, size and direction, and whether the observer is 
above or below it. 

C. Pipe lines can generally be spotted in the field by the overhead 
telephone lines which follow the course. Tor a N-S traverse across an 
8 inch line buried 4 feet below the surface, running E-W, Barret^^ observed 
a vertical intensity anomaly of SOOy at about 2 yards (peak in curve) 
and a disappearance of the anomaly at about 30 yards. From 2 yards 
to a point directly over the pipe, the anomaly decreases sharply. This 
interference varies with the direction of the pipe, polarization at the ends, 
and existence of anticorrosion currents. 

Oil and Oas Journal, 28(22), 148-150, 245-252 (Oct. 16, 1929); A.A.P.G. Bull., 
15(11), 1371-1389 (Nov., 1931). 
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7. Near a rdilroad bed, running E-W, Barret observed on the south 
side a negative anomaly up to about 5 yards which then increased to a 
maximum of 400y, thence decreased and disappeared at 125 yards. 

8. The effect of building b depends entirely upon size and iron and steel 
content. Brick buildings and brick walls are often magnetic, since the 
stones acquire magnetism in the process of roasting. 

9. The influence of dag and gravel roadbeds, drain pipes, and the like, 
varies greatly with construction materials; it is difficult to give even 
approximate figures. 

10. The influence of tank jarms is generally complicated by associated 
pumping, power, and pipe line equipment; general figures are not avail- 
able. 

11. When magnetic measurements are used for detailing or extending 
drilled or producing fields, it is necessary to know the effect of well casing. 
The vertical and horizontal intensity anomalies of a tubular casing of 
uniform diameter may be written^’^ 

AZ = S/tZo - % 

\ri 

AH = 

where k is the susceptibility of the casing material, S its cross-sectional 
area, Zo the normal vertical intensity (SkZq = pole strength, or magnetic 
moment divided by the length of the casing), di the depth to the upper 
and the depth to the lower polo, Ti the distance of the i)oint to the 
upper and 72 the distance to the low'or pole, x thc3 surface distance. This 
formula corresponds to that fora vertical magnet (formula [8-53]). Tor 
a very long magnet the second term in the ])i*a(‘kot is ncgligil)lo and there 
occurs only a positive anomaly. A short magnet may produce an area 
of iK'galive anoinalic'S surrounding oru' witli positive aiK)rnali('.s, as illus- 
trated in Tal)I(^ 43. Jn this (xaniph^ the anomaly disappears at about 
200 fe(^t from the well, regardless of tiui kuigth of t!i(? easing. Harrot*^^ 
and Cliffoirf'* conduelcd surveys in oil fiohls before and aftf^r a change 
look ])hi('e in th(' nuinber of wcdls and com'huhHl that picture of the 
niagUK't i(* anomalies was not changed wilhin th(‘ limits of aceniraey. This 
is contrary t,o Van W(‘(hleiris''' contention that cunuilativc' inagiudic fields 
of \v(‘ll.s may nuicdi figure's sufficHuii to (^xplain th(‘ negative anomalie.s 

Barrot, ioe. cil. 

Loc. cil. 

0, C. Clifford, A.A.P.G. Bull., 16(12), 1171- I17(i (Doc , 1<J32). 

A. Vail Wcelden, Worhl Petrol. Congr. Proc., Ser. B. 1., SC- 90 (1933J. 
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frequently obseryed on developed fields. The influence of all wells in tlie 
Healdton field was theoretically sufficient to account for its negative 
anomaly (-“200y). 


Table 43® 

COMPAHATIVP] VEETICAL ANOMALIES OF A SHORT AND LONG 
STRING OF WELL CASING 


Stjrpacb Distan-ce 

IN Feet 

206' OF 10" Casing; 

AZ in Gamma8 

4,609' OF COMFOSIFE 
Casing; AZ in Gammas 

Surface Distance 

IN Feet 

0 

32,400 


0 

3.2 

19,500 

35,200 

5 

6.6 

6,700 

10,700 

10 

12.0 

2,000 

5,500 

15 

22.0 

434 

2,990 

20 

32.1 

158 

1,220 

30 

46.0 

37 

300 

50 

56.0 

~6 



81.0 

-29 

*53 

lOO 

118.6 

-29 

11 

150 

147.0 ! 

-14 

0 

200 

260.0 

0 

0 

250 


® After Earret. 


12. DerrickSy electric line towers, and muie shafts produce negative mag- 
netic anomalies, being above the plane of observation. Depending on size 
and amount of steel involved, the fields range from several hundred to 
several thousand gammas at nearby points. 

F. Terrain Anomalies 

In magnetic prospecting, terrain interference is not nearly so important 
as in other lines of geophysical exploration. It is due to (1) a geo- 
metric efiect resulting in a change of vertical distance^ of magnetic 
bodies from the plane of observation^ (2) magnetic effects caused by 
surface rocks. 

1 . The geometric effect is of importance when changes in elevation along 
magnetic profiles are comparable with the distance of observation points 
from the magnetic body. For a three-dimensional body magnetized by 
induction (northern magnetic latitude), Avliose \'ertical intensity is nor- 
mally at a maximum above the body and whose horiz(jntal intensity has a 
maximum and minimum to the south and north, the appearance of the 
anomaly curves is almost reversed if the slope is steep ciiough,'*' vsiiice the 
lower pole of the body comes closer to the surface. For iinifonn slopes 
the changes in relative position of instrument and siihsurface poles may 


Ha.alck, oj). dt. 
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readily calculated/^ In the interpretation of the results in irregular 
terrain, it is necessary to consider the relative position of each station 
with respect to subsurface bodies. In this case it is advisable to obtain 
additional data by observations at every station at two heights of the 
instrument^® or by the use of a compass variometer’^^ which is very sensitive 
to rapid space changes of intensity. 

2. Magnetic interference may occur even on a flat terrain surface by 
locally different weathering, by magnetic rocks in glacial drift, by surface 
float near iron and nickel deposits, by magnetite stringers in igneous rocks, 
and hy outcrops magnetized by lightning. It is difficult to give even 
approximate general figures for these effects. On the other hand, the 
influence of topographic features of simple geometric shape may be es- 
timated®^ by assuming uniform magnetization in the earth field. If the 
susceptibility is /c, the greatest vertical intensity field of a hill station 
(calculated on the assumption of an elongated ellipsoid) is 

AZ = . (8— 5 la) 

The approximate anomaly near the bottom of a vertical wall (quarry 
station) is 

z\Z = (8™51b) 

The vertical field in an elongated depression between walls of uniform 
slope on either side depends not on the absolute differences in elevation 
between summits and valleys, but on the degree of sl(.)pe. For gentle 
slopes 

AZ = — 27rA'Zo (8“51c) 

approximately, while for steep slopes 

AZ = -Stt/cZo. (8-51d) 

The anomaly in the interior of a sphere (moasureiiunits in caves, tunnels) is 

A2 = -ItvkIo. (8-51e) 

Koeiiigsberger®^ confirnu'd these theoretical values by nuirKn-ous ob- 
servations. The greatest difference between summit and valby values 
in gneiss was ISOy; in gneiss quarries the anomarK'S reached “SOt;!!! 

’’’ A. Nippoldt, M agneii ache M utnng, p. 12 lim). 

See A.F. Hallimond, Min. Ma#;., 41 ( 1 ), 10 22 (July, 1920). iVippoldi, A. Mag- 
netiseke Mid'fmg, p. 6(5. The fonuiihus for i)lat,forin ohst'rvat.ionH or for dilTcrent 
elevations of mine shafts apply (see pp. 407 408). 

Phys. Zeit., 176-179 (1907); A. Nippoldt, Magnelischa M ulang , pp. (58-70. 

Koenigsberger, (lerl. Bcitr., 20(3/4), 293dW (1928). 

Ibid. 
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gravel pits they ranged from —13 to — 2O7. In valleys of granite, 
Koenigsberger observed anomalies of from —10 to — 25y; in areas of basic 
schists, from —50 to — 2OO7; at the foot of glaeio-fluvial terraces the 
effects varied from —20 to — 3O7. 

G. Noemal Fields 

Although interpretation of magnetic anomalies is based mainly on the 
sha2)e of anomaly curves, it is frequently desirable to know the value of 
the undisturbed intensity in the area under survey. In some interpreta- 
tion problems it is necessary to differentiate between positive and negative 
anomalies ; in vector and line-of-force interpretation the sign of the anomaly, 
and thus a fairly accurate determination of normal values, is of importance. 
There is no standard procedure for determining normal values since they 
depend on the type of anomaly surveyed. Tor large and locally limited 
anomalies it is sufficient to select a base station in geologically undisturbed 
terrain and to consider its intensity as the normal value. Elsewhere it is 
usually satisfactory to use the U. S. Coast and Geodetic Survey maps. 
Since regional anomalies are already included in their normal values, 
anomalies due to local deviations from regional structure appear as excess 
or deficiencies with respect to these. In extensive surveys conducted for 
the purpose of obtaining relations between magnetic anomalies and regional 
structure, it is better to use world charts in which only anomalies of 
continental order of magnitude remain. 

To simply form the average of all magnetic values in an area and 
designate this as the normal value is not recommended, since a given 
geologic body may not produce a balanced number of positive and nega- 
tive anomalies. The selection of a normal value is frequently a trial and 
error proposition. Its final value can often be chosen only with regard 
to the shape of the anomaly curve to be expected from theoretical and 
geological considerations. 

Y. MAGNETIC FIELDS OF SUBSURFACE BODIES 
(INTERPRETATION THEORY) 

A. GeAPHIOAL REPRESEOTAnON OF RESULTS 

For interpretation in geologic terms, magnetic data must be so plotted 
as to show the clearest indication of subsurface bodies. The following 
representations are in use: (1) lines of equal anomaly; (2) profiles at right 
angles to strike; (3) peg models, isometric maps; (4) anomalous vectors; 
and (5) magnetic gradients. 

1. Lines of equal anomaly. For higher magnetic latitudes lines of equal 
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vertical intensity anomaly are best suited. Their interval should be two 
to three times the probable error of the survey; greater intervals are pre- 
ferred for large anomaly gradients. “Isanomalic^^ maps are comparable 
to contour maps; it is helpful to shade areas of equal anomaly, darkest 
shades corresponding to areas of greatest anomalies. The use of two 
different colors will be of assistance; red may be used for positive, and 
blue or green for negative anomalies. 

2. Profiles at right angles to strike show magnetic values as ordinates and 
distances as abscissas above a known or inferred geologic section. For 
geologic features causing negative anomalies, inverted ordinates are used. 
Where a simple geometric relation between magnetic values and subsurface 
contours can be assumed, the scale of the magnetic ordinates may be made 
identical with the vertical scale in the geologic section. Parallel profiles 
across the same geologic feature may he cut of celluloid strips and mounted 
on a map (see Fig. 8-72). If horizontal intensity measurements have 
been made in the plane of the magnetic meridian, the anomalies must he 
projected upon a direction at right angles to the strike. This projected 
anomaly is hereinafter designated by the symbol Hp . The conversion may 
be avoided by orienting a horizontal magnetometer at right angles to the 
strike or in a profile direction at approximately that angle. 

3. Peg models^ isometric maps. Magnetic anomalies may he represented 
on maps by pegs of proportionate length (see Tig. 8“71). Tor areas of 
small magnetic gradients, better visualization of the magnetic relief can 
be obtained in this manner. However, negative magnetic anomalies do 
not show to advantage. Isometric maps are prepared by using the 60° 
axis for the north, the 120° axis for the east coordinate of tlu^ map, and 
the 0° or vertical axis for the representation of anornalios. A difficulty 
with isometric maps is that large anomalies may ol)scurc adjacent features 
and that negative anomalies cannot bo shown advantageously. 

4. Anomalous vectors. Interpretational advantages ai’o often gained by 
representing the results in the form of anomalous vectors, Anoo they are 
tangent to the lines of force radiating from ihv. poh^s of \\\o. disturbing 
objects. Their usefulness, however, dc^xuids upon a eaiuful sc^lectioii of 
the nornuil value. 

Horizontal vectors may be plotted from anomalies in deelination and 
horizontal intensity. A eonveniiuit. method is to calciihit(‘ tlu* lujrth com- 
ponent X and the (uist eompoiHuit Y from the ohsc'rvutions, to subtract 
Xo and Y() , and to plot AX and AY. Th(‘ aiioiniilous v(‘{*tor /{ is the 
resultant of the two {hov. Fig. 8 -43a). In aiiotluM’ iinUhod tln^ normal Ho 
is plotted in the direction 5(, , and tli(ic)bs<‘rvcd H is ])lotf (xl at th(‘ observed 
angle (see Fig. 8--43b); the horizontal anomalous vector R is eeiual to the 
vectorial difference of He and H. The Tiberg method of the parallelogr'arn 
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of forces is virtually identical with the method just discussed. Under- 
ground measurements are made by stretching a cord between two points, 
and B. The line AB may make the angle ^ with the normal meridian. 
At each point the actual magnetic meridian referred to AB, and the 
actual horizontal intensity are measured hy using the Dahlblom sine arm. 
This gives H and y and, thus, R (Fig. 8-43c) 



C B) (cl id) 



(e) (f) I3} (fi) 


Fig, 8-43. (a) Horizontal anomalous vector from X and Y. (6) Horizontal 
anomalous vector from Ho , 6, andH. (c) Tiberg’s ^‘arrov’^’ method, (d) Vertical 
anomalous vector from Hp and Z, (e) Vertical anomalous vector from To , lo, T, 
and I. (/) Total anomalous vector in isometric projection, (g) Total anonuiloiis 
vector in two-dimensional representation (Jenny), {k) Total anomalous vector in 
two-dimensional representation. 

Vertical vectors may be plotted from horizontal and vertical intensity 
observations with Schmidt balances or from inclination and total intensity 
observations with the Hotchkiss siiperdip. If AH has been reduced to 
the direction of the profile, the vertical disturbance vector, Sp = 
+- {AZy is obtained from the construction indicated in Jig. 

A positive A'Kp is plotted toward north, a negative toward south. 
Inclination I and total intensity T observed with the Hotchkiss siiperdip 
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are plotted as one vector (see Fig. 8--43e). A second vector is plotted from 
the normal inclination lo and the normal total intensity To . The vectorial 
difference between these two vectors is When superimposed on geo- 
logic sections, the vertical anomalous vectors point approximately toward 
the poles of disturbing objects. They may be used for approximate 
depth determinations with force-line diagrams. The accuracy of this 
method depends on the proper selection of normal values. 

Total anomalous vectors may be plotted in isometric projection from the 
AX, AY, and AZ components as shown in Fig. 8-43/. Another method of 
three-dimensional representation is to rotate the total about the hori- 
zontal vector and to plot both in the same plane (see Fig. 8-43gf). These 
procedures have the disadvantage that in plan view the resultant vector 
does not point in the correct horizontal direction. Hence, it is better to 
plot the horizontal vector only and to indicate the size of the vertical 
vector by the radius of a circle about the station or by a double line 
(Fig. 8-43A). 

* 5. Magnetic gradients are obtained by dividing the intensity differences 
of stations (or contours) to the north and east by their distance. They 
may be measured directly with a magnetic torsion balance or inductor 
gradiometer. These gradients are expressed in gammas per kilometer, or 
in (Edtvos) units per cm (SOy per km equal 5 E.U.). The direction 
and length of the resultant gradient follows from the north and east com- 
ponents by vectorial addition. In interpretation, magnetic gradients are 
of advantage when torsion balance data are compared with magnetic 
results. 

B. Qualitative and Quantitative Analysis 

Most interpretation of magnetic data is of a qualitative nature. This 
is due to several factors: (1) the magnetic method lacks depth control; 
(2) most quantitative interpretation is indirect; (3) magnc^tic properties 
of geologic formations, particularly of igneous and metarnorpliic rocks, are 
subject to great horizontal and vertical variations and arc deptMidcnt on 
the thermal and mechanical history, the (‘fects of which are difficult to 
evaluate; and (4) magnetism is the only physi(uil roeJv propeuty which is 
of a bipolar nature, and variability of polarizatitni adds another unknown. 
Quantitative interpretation is furthfu’ handiea[)p(!d l)0(uuise the proportion 
of induced and remanent magnetism is randy known. Fortunately, in 
many cases, the remanent magnetism is identical in sign and direction 
with the induced magnetization, .so that interpretations may ])c based on 
the assumption that the magnetization is due to induction in. the earth^s 
magnetic field, that is, is dependent upon the magnetic latitude. 

Actually lo and Ii and To and Ti are in difTercnt planes. 
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The induction theory is based upoa a relation between the gravitational 
and the magnetic potential of a body, prov^ided that it is homogeneously- 
magnetized. Since this holds only for bodies bounded by second order 
surfaces (spheres, ellipsoids of rotation, and the like) which do not occur 
in nature, the application of the theory to actual forms of geologic bodies 
(plates, slabs, and so on) results in approximate data only. For these 
reasons the simpler pole and line theory has been W'idely used (since about 
1870) , particularly in magnetic mine exploration. Ore bodies may be con- 
sidered magnetic poles, doublets, or single and double magnetized lines. 
Irregular masses, such as igneous intrusions, granite ridges, and the like, 
can be treated as pole series. The pole theory can be applied regardless 
of whether magnetic effects are due to induction or any other cause, as 
long as the positions of the poles are known. 


C. Pole antd Line Theory 

1. Single pole, depth rules. Ore bodies may be re- 
presented by single poles if they occur in the form 
of pipes, chimneys, and the like, if their section is 
lenticular or circular, and if they are small compared 
■with their depth extent so that the lower pole may be 
assumed to be far away from the upper. The as- 
sumption of a single pole is justified if the isanomalic 
lines of the vertical intensity are nearly circles or short ellipses, and if 
only a positive anomaly exists. Assume (Fig. 8-44) a pole^^ of strength m 
at depth d below the surface. The magnetic potential of the pole at 
P(x, y, is F = m/r, and the force in the direction of r is F = dV/dr = 
— mlr. Hence, its components: 



Fro. 8-44. Single 
pole. 


AX 

^Y 

AZ 

AH 


dV _ 

xm 

dx 
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dV _ 


dy 

y.3 

dV _ 

dm 

dd 
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dV _ 

em. 

de 

y.5 


(S-52a) 


Contrary to the conventional designation, the South Pole is here positive, so 
that the vertical intensity anomaly is positive. 

830 a; is positive toward north (away from m); y is positive toward east (like- 
wise away from m); but d is positive downward (toward m, from surface). 
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Assuming -uniform magnetiaation, the pole strength m = ^S, where S 
is the section of the body and S is intensity of magnetization. For a 
vertical body, if == /cZo , so that 

m = hZoS. (8-526) 

This relation presupposes that the magnetization is due exclusively to 
induction. Where an appreciable remanent magnetization exists, the pole 
strength resulting therefrom is usually greater than that due to induction 
so that the latter may be neglected, in which case 

m = ir,S, (8-52c) 

where 3r is the remanent magnetization. For example, the magnetization 
intensity resulting from the remanent magnetism of the diabase in Fig. 
8-13 is 0.17, whereas the induced magnetization = /cZo is only 5-10"'^ 
This subject is discussed further on pages 400-402. 

The vertical intensity reaches a maximum when r = d; AZ^nux. = m/d^. 
If the variable parameter q ^ d/r = sin i is introduced, 

AZ = and aH = q’ | - 1. (8-52d) 

For the single pole, horizontal and vertical intensities at any point are 
functions of the vertical intensity directly above the 'pole: 

LZ = AZ„.a*.q* and AH = AZ„„.q' V'l - q-- (8-52e) 

Figure 8-45 shows the horizontal and vertical intensity anomalies as 
profile curves and isanomalic lines. The horizontal intensity is zero above 
the pole and has a minimum in the north (positive x) and a maximum in 
the south (negative x). In horizontal projection, the lines of force for a 
single pole are straight. 

From the above formulas follow a number of relations which are helpful 
in interpretation: 

(a) The highest point of the subsurface) (polar) mass lies iinmecliately 
below the maximum in AZ and the zero point in AH. 

(5) The anomalous vectors intersect in the polo. 

(c) The di’(jp of the vertical intensity curve is inversely pi’ojxjrtional to 
the depth of the pole. If cn is the distance at which the vertical intensity 
has dropped to one-half of its maximum vat no, d = , and the distance 

of ike half-value yomt from th(3 ])oint of maximum anomaly in Z is equal 
to I the depth of the pole. 

(rf) The distance of a point where AZ has dr()i)ped to jAZ^^ax. is cgwaZ 
b the depth of the pole. 

(e) The distance of the point where AZ = AH (where the aiighi of the 
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zontal intensity' anomalies is f the depth. This obtains for the single 
pole only. 

2. Vertical magnetic doublets {magnets) must be assumed in place of 
single poles if the depth extent of geologic bodies as described on page 381 
is small, that is, if a negative anomaly surrounds the area of positive 
anomaly. If the negative anomaly does not surround the positive anomaly 
completely, the doublet is inclined and relations shown in the next para- 
graph are applied. The field of a vertical magnetic doublet follows from 
an addition, of the fields of two poles at different depths. If dx is the 
depth and n the distance from P to the upper (positive) pole, 4 the 
depth and n the distance to the lower (negative) pole, 


and 


AH = em 


.{e ■+ d\)^ {e^ + dl)^J 


AZ = m 


L(e^ + dl)^ (e^ + ^1)^ 


( 8 - 53 ) 


Thaldnhas given two depth rules for the magnetic doulfict which apply 
when its pole distance 21 is greater than three times tlie depth to the 
upper pole, di : 

(a) k line connecting a point of zero vertical intensity (abscissa 6o) 
with the center of the magnet makes an angle of 54.75*^ with its axis, so 
that cot 54° = (dx + Z)/co . This depth rule is not very reliable. If it 
is applied to Nippoldt’s figure 19,^^ the formula gives a depth of 17 instead 
of 20; in his figure 22 it gives 13.3 instead of 15. 

(5) The distance between the maximum and niiniimirn in AH is approxi- 
mately equal to the depth to the center of the magnet. (This rule is still 
less reliable; it gives a doptli of 14 instfuid of 20 for Nippoldt\s figure 19, 
and 14 instead of 15 for his figure? 22.) 

3. For a dipping magnetic doublet^ tlie ficfd.s of t he upper and lower pole 
are again added (sco Fig. 8 40) so that by sub.st.itution of = 21 cos i 
and d% = di -V 21 sin 


and 


AH = m 


— Cl 

L ri 


+- 


Cl 


2/ cos i 


AZ = m 


d\ d\ + 21 sin i 

. ~1 3 

Lri To 


> ( 8 - 54 ) 


A. Nippoldt, M agnelische Muiung, pp. 68-70. 
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A/ 


Fig. 8-4:6, Dipping magnet. 


A.nomalies for inclined magnets 
are shown in Fig. 8-47, atod. The 
AZ curves are uiisymmetrical ; in 
the AH curves the ratio of maxi- 
mum to minimum increases with 
decreasing dip. Dip determina- 
tions may be made (a) indirectly, 
by using diagrams as shown in 
Fig. 8-47 or force-line diagrams; 
or (h) directly (for small intervals 
of dip angle) from the ratio of 
maximum to minimum in AH, 
For the range of 30® to 60° 
Ai is approximately equal to 


4. Magnetized lines are assumed in the interpretation of the magnetic 
anomalies of two-dimensional bodies whose extent may be considered 
infinite in the direction, of strike. These bodies include most stratified 
magnetic formations, iron and nickel ore deposits, intrusive dikes, contact- 
metamorphic zones ; and the like. While the magnetic field of a three- 
dimensional body is inversely proportional to the square of the distance 
between it and the point of observation, the field of a two-dimensional body 



Fig. 8-47a. Anomalies of dipping magnet of 0° dip (after Kippoldt). 
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depends on the inverse first power of the distance. In practice this mates 
surprisingly little difference. 

For magnetic plates of great depth extent, only the magnetized line at 
the upper end need be considered. If the strike of the line is in the 2/' 



Pie. 8-476. Anomalies of dipping rmgnot of 20° dip (after Nippolcit), 



<lii-ccLion (Fig. 8-48), AY in cq. (8 r)2a) i.s zero; AH = -C f and 

j . j' 

AZ = C f Iiitograiing l)ct\vc<‘ii tlHUiniit.s of dz 

J . (i 


See ilIso A. Banos, llcvist. Industrial, 1 ( 3 ), vl03-'-310 (Sopt., 1933). 
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For vertical magnetizatioDj the constant C = /cZcb^ where h is the breadth 
of the magnetized plate, and k the siiseeptibilitT. As in eq. (8“-52c)3 the 
remanent magnetization 9r may again be substituted for /cZo , where it is 
appreciably greater than the induced magnetization. The vertical in- 
tensity directly above a two-dimensional plate is = 2(7 /d. The 
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Fig. 8-47d. Anomalies of dipping magnet of 90® dip (after Nippoldt). 

following interpretation and depth 
rules follow from eq. (8-55) : {a) The 
maximum of vertical intensity and 
the 2 ero of horizontal intensity 
anomaly occur directly above the 
plate; (6) the anomalous vectors in- 
tersect in the depth of the mag- 
netized line (in the a;'-c? plane); 

(c) the distance of the point where 
AZ = from the 0 point is 

equal to the depth; (d) the AH curve 
intersects the AZ curve at a dis- 
tance equal to the depth (where 
AZ = |AZ,nax. and where the angle of the anomalous vectors is 45""). 

5. The vertical line doublet corresponds to a vertical magnetized plate of 
limited depth extent whose lower end is effective. By adding the anoma- 
lies due to tAvo magnetized lines, 



Pig. 8-48. Magnetized line 
(t ~ h in text) 



AH = 


2 

Pi 


and AZ = 


(8-56) 
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where di , pi and , P 2 are the depths and distances respectively, to the 
upper and lower pole lines. 

6. Jot the inclined line doublet the fields of upper and lower pole series 
are again superimposed as in eq. (8~54). With x' as horizontal distance 
and di as depth to the upper pole, the anomalies 


AH = 2C 



L Pi 


x' — 21 cos i 
2 

Pi 




and 


A2 = 2C 



di + 21 cos i 
“^2 
P2 




J 


(8-S7) 


where 21 is the length (depth extent) of the plate and i its dip. 



Fig. 8-49. Force-line diagram in application (after Haanel). 

7. The magnetic anomalies oj irregular geologic features may be calcu- 
lated by assuming a series of poles near the upper surfaces of such features. 
If the depth extent is limited, vertical magnets are suVistituted for the 
single poles. For two-dimensional features with irregular upper or lower 
surfaces, magnetized lines along the upper and, if nocc^ssarj, along the 
lower boundary should be assumed. The spacing of poles or lim\s docs 
not have to be very close (particularly^ when the depth is great), sinc(i the 
magnetic method does not have much resolving powun*. 

With the pole and line theory, induction cffiuds (variathms with mag- 
netic latitude) may be simulated by placing oblique pole or line doulilets 
into the formation section. Since rieitlicr the horizontal nor the vertical 
intensity anomalies are particularly sensitive to dip, the assumption of 
oblique magnetization does not afford much advantage except when the 
magnetic inclination is less than 60*^. 
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9. With line-oj-jorce diagrams, depth, dip, and approximate dimeiisioas 
of ore bodies can be determined from anomalies represented by Tectors. 
The method is applicable to bodies whose effect maybe approximated by 
bar magnets and magnetized plates. Since the vectors are tangent to the 
lines of force, the diagram is applied by placing the equivalent magnet in 
such a position beneath the surface that its force-line distribution satisfies 
the arrangement of the vectors measured at the surface. The con- 
struction of force-line diagrams proceeds in accordance with the relation 
cos a — cos ^ = n = constant, where a and /3 are the angles between the 
axis of a magnet and lines drawn from any point on a line of force (given by 
the constant n) to the north and south pole of the magnet. The diagram 
shown in Fig, 8-49 may be adapted to equivalent magnets of different 
lengths by photostatic reduction or enlargement. 

D. iNDUCTioif Theory 

The pole and line theory discussed above makes no assumption regarding 
the origin of the poles or pole series in a magnetized body. It is valid for 
any strength and direction of magnetization, regardless of origin. On the 
other hand, certain types of geologic bodies (some iron ores, igneous rocks 
of medium susceptibility, and magnetic sedimentary rocks) show mag- 
netic anomalies which are obviously related to the strength and direction 
of the earth's magnetic field. In such cases it is advantageous to apply 
an interpretation theory which expresses the magnetic anomalies as a 
function of susceptibility, dimensions, and disposition of geologic bodies 
and as a function of the strength and direction of the earth’s field. Un- 
fortunately, the ^‘induction theory^’ is handicapped by the fact that the 
field produced by many types of geologic bodies cannot be calculated 
accurately, since even bodies of uniform physical composition are not 
uniformly magnetized except when bounded by second order surfaces. In- 
vestigators have, therefore, sought a way out of the difficulty by one of 
two courses: (1) by approximating the shape of geologic bodies by spheres, 
infinite cylinders, and ellipsoids of revolution; (2) by dropping the premise 
of uniform magnetization and calculating the effects of actual bodies as if 
they were uniformly magnetized, that is, by disregarding the effects of 
flux concentration on edges and corners.^^ The literature dealing with 
both phases of the induction theory is fairly extensive; the more important 
articles are enumerated below: 

1. Eotvds, R. V., 15, Allg. Coiif. Int. Erdm,, 392-394 (Budapest, 1906). 

2. Winkelmann, A., Handb. d. Phys., 5 , 140 (1908). 

This fundamental limitation of the theory is often overlooked in articles dealing 
with this phase of the induction theory. 



390 


MAGNETIC METHOD 


[Chap.. 8 


3. Carlheim-GyllensMold, V., Magaetic Stirvey of Kiinmavaara (Stock- 
holm, 1910). 

4. Griesser, R., Diss. Freiburg (1921). 

5. Steiner, L., Terr. Mag., 26,81 (1921). 

6. Haalck, H., Zeit. Geophys., 2, 1-11 and 49-62 (1926), 4, 267 (1928); 
Gerl. Beitr., 22, 241-255 and 385-399 (1929); Handb. Exper. Phys., 
26(3), 320-347 (1930); Die magnetischen Verjahren, etc, (Berlin, 1927). 

7. Bahurin, J., Inst. Pract. Geophys. Bull., 2, 3 (1926); 3, 255 (1927); 
4, 3-78 (1928). 

8. Koenigsberger, J., Gerl. Beitr., 19(2), 241-291 (1928). 

9. Gamburzeff, G. A., Gerl. Beitr., 19(2/3), 210-230 (1928). 

1. Fields of uniformly magnetized bodies (spheres, infinite cylinders, ellip- 
soids of revolution). In Fig. 8-50a let P be a point of observation with 
the coordinates x and d in the plane of magnetization of a small sphere of 
susceptibility k and volume v. The potential V of the doublet with the 
poles +in and —m produced by the earth field is equal to the sum of the 
potentials due to each pole. Thus V = m/ri — m/r 2 = in(r 2 — . 

By substituting for ri-r 2 , cos ip for {n — ri)/2R, and M (magnetic 
moment) for 2Rm, the potential 

V - (S-58a) 

Since the magnetic moment is the product of intensity of magnetization 
a = kTo (To = total intensity) and volume t; = its components due 

to magnetization by the horizontal and vertical intensities (see Fig. 8-50a) 

Mx = IttK^/cHo and Mz — i tR\Zq . (8-586) 

This induced magnetization is accompanied by a demagnetization effect; 
the opposing field, H', is proportional to the intensity of magnetization 
£(, or H' = Nif, where N is the demagnetization factor. The resultant 
magnetization is therefore .4 — /c(To + H^, or Sf = + N/c). For 

the sphere the demagnetizing factor N = 47r/3 and the total intensity 
T = To -p H' == To -1/(1 -b Itta'). Therefore, tlie resultant intensity of 
magnetization is ^4 = To/ (1 +- jttk). If the sphere is imbedded in a 
medium of the susceptibility ko and if Ak ^ k — ao , ^4 = AkTq/ (1 + 
Designating the factor Ak/(1 -f ^tA/c) as a', the magnetization 

ff = Tq.Ak'. ( 8 - 58 c ) 

The demagnetizing effect rcjsiilts therefore in reduction of thc^ true to 
an apparent susceptibility. It is negligible for bodies of low suscepti- 
bility. For strongly magnetic bodies, such as magnetite deposits, it may 
result in an appreciable decrease in susceptibility. 
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which, when differentiated with respect to re and d, give the horizontal 
and vertical intensity anomalies due to each magnet: 


and 


bx r® 


dVz _ 3Mz^3^‘d 

dx 


A.Zx 

AZz 


dV. ^ SM.'X^d 
dd 


dVj ^ 3M^ 

dd r® 


(8-58€) 


By addition of the partial components, the anomalies become 


AH = -^K'■~J3Zoxd - Ho(2a:' - d')] 

/pD 

AZ = -A/c'.^^[3Hord + Z^iz^ - 2d')], 


} (8-58/) 




where v, as before, = |ri2^ and A/c' is given hy eq. (8-5860- Although 
spherical bodies are rarely encountered in nature, analysis of this case 
has the advantage of demonstrating clearly how the magnetic effects of 
geologic bodies depend on the magnetic latitude (sec Fig. 8-51). 

For an infinite cylinder the magnetic effects can bo cast in simple form 
when tlie section S of the cylinder is in the plane of the magnetization, 
that i-s, if strike magnetization of the (;y linden* is zero. Then, according 
to Haalck:^^ 

c ^ 

AH = -2AK'-%l2ZoTd - Ho(r - (f)] 


and 


AZ = -2A/c'.^[2Hoxa! 4 Zjr' - /)]. 

r 


(8-59) 


These relations, as i-s to be expcchH, arc similar to tliosc^ for tdio sphero 
(0(1- 8 58/). 

(j}ri(^sscr and Koeiiigsbcrgcr ' have calciilaiod the magnetic aiujinalies in 
vcM'tical intensity, horizontal intensity, and deedination, for ellipsoids of 


Die magfneiischen Verfahren, op. cli., p. 54. 

r, 0(4*1. 19(2), 241-201 (1028). 
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rotation with varying proportions of axes and depths. They have also 
given tabulations for determination of depths and dimensions from relative 
amplitudes, from distances of positive and negative anomalies, and from 
distances between the half-, quarter-, and tenth-value points. The for- 
mulas for ellipsoids of revolutions are fairly involved and will not be 
given here. 

2. Relation hetvieen magnetic and gravitational anomalies. Calculations 
of anomalies due to induction in magnetic bodies have benefited greatly 
from the fact that a relation exists between the magnetic and gravitational 
attractions of such bodies. This makes it possible to apply torsion balance 



Pig. 8-51. Influence of magnetic latitude on magnetic anomalies (after H. Haalck). 

interpretation formulas in connection with a simple conversion. Strictly- 
speaking, this procedure is applicable onl 7 to bodies of uniform magnetiza- 
tion. Its use in the calculation of the anomalies of faults, dikes, slabs, 
plates, and the like, involves approximations, neglects the influence oj edges 
and corners, and disregards the demagnetization, 

A theorem of Poisson states that the magnetic 'potential is proportional 
to tlie gravity component in the direction of magnetization: 

7 = ^ (8-60a) 

kh d% 

where Y is the magnetic potential, d the intensity of magnetization, h the 
gravitational constant (66-10 ^ C.G.S.), 5 difference in density, iJ the 
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gravity potential, and i the direction of magnetization. Erom eq. (8“60a) 
the force in the direction s: 


dV_ 

As * 


and therefore, the horizontal and vertical components, 




and AZ = 


d d^u 


(8-60c) 


It follows from this formula that (1) for vertical magnetization (high 
magnetic latitudes) the horizontal intensity anomaly is proportional to the 
horizontal gradient of gravity, and the vertical intensity anomaly is propor- 
tional to the vertical gradient of gravity] and (2) for horizontal magnetization 
(near magnetic equator) the horizontal intensity anomaly is proportional 
to horizontal gradient of horizontal gravity component or proportional 
to the ^^curvature^^ value (for two-dimensional bodies, or to the negative 
vertical gravity gradient), and the vertical intensity anomaly is propor- 
tional to the horizontal gradient of gravity. For three-dimensional bodies 
application of formulas (8-60c) leads to equations which are involved and 
difficult to apply. For two-dimensional bodies these relations remain 
simple, particularly for extreme cases of dip, dimensions, and magnetic 
latitudes. 

Resolving the magnetization in eq. (8-60J) into a transverse horizontal 
component (A) and a vertical (C); assuming that the strike direction is y 
and the profile direction (at right angles to the strike) is x] and segre- 
gating the gravity component dU/di into a horizontal and a vertical 
component, eq. (8-606) is 


Os /c5 9s \ 9a: dz / 


so that the anomalies: 

37 


_ = AH = ^ 

dx As \ dx^ dxdz 


xdz / 


dz kh \ dxdz dz^ 


(8-60rf) 


If x' and y' are the magnetic north and east directions, y the: direction of 
strike, and a the angle of strike from north over west (angle between 
— y and direction), the transverse horizontal magnetization and the 
vertical magnetization are A = (cHo sin a and C = k:Zo , where k is the 
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susceptibility difference of the geologic body against the adjaceut rock.*’ 
The torsion balance furnishes the gravity gradients d^U/dx'dz and 
d^l] jdy'dz, and the curvature values 9^11 Jdy\ — d^Uf9x\ and d^Uldy'dx'. 
For two-dinnensional bodies fU/b-ff — d^Ujdxdy = d^U/9yds = 0, which 
leaves the gradient d^U/dxdz == 17** and the curvature value d^U /6r^ = U^t 
in the profile direction. Since —9^V/dz^ = d^U/dx^, 


AK = ~ .(Ho sin aU^ -f- ZoU^) 
AZ = ^.(Ho sin a(7„ - Zo t/„). 


}■ (8-60e) 


In the derivation of these equations uniform magnetization is assumed 
and demagnetization is disregarded. 

3. Magnetic anomalies oj two-dimensional bodies have been calculated for 
faults, slabs, vertical and inclined dikes, anticlines, and synclines from the 
corresponding torsion balance anomalies derived in Chapter 7 on pages 
258-65. Angles and distances in the following formulas correspond to the 
notation used in Fig. 8-52; statements concerning maxima and minima 
apply mostly to high magnetic latitudes. 

For a vertical fault (step, cliff, vertical edge of subsurface erosional 
feature, flank of an intrusion, and the like), the magnetic anomalies are, 
when both horizontal and vertical magnetizations are considered, 


AH = 2k 

Ho sill a{<p 2 — ^l) + Zo loge 



L ^iJ 


AZ = 2k 

Ho sin a loge “ — 2 o{(P 2 ■*“ ^i) 

ri 

> 


} (8-61a) 


« 

For N-S strike of the fault the horizontal anomaly is proportional to the 
gravity gradient and shows a maximum over the fault. The vertical in- 
tensity is proportional to the negative curvature value and has a mini- 
mum to the south. It is zero over the fault and has a maximum toward 
north. 


S'* At this poiat of the theory it would be possible to introduce the deinaguetiza- 
tion by a substitution of apparent for true susceptibility (see p. 390, eq. [8-58cl. 
The demagnetization factor is different for the transverse and the vertical magnetiza- 
tion and depends on the dip. The component magnetizing the body in its longitud- 
inal direction has the smaller demagnetizing factor. For steeply dipping, strongly 
magnetic bodies, the transverse apparent susceptibility may thus be but a fraction 
of the actual rock susceptibility. This fact is additional justification for neglecting 
the transverse horizontal compared with the vertical longitudinal magnetization 
(see p. 396). 
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For a vertical dike of infinite depth extent^ the transverse magnetization 
may be neglected and the anomalies are : 


AH = 2kZq loge - 

ri 


AZ — 2/c^o^ 


(8-61b) 


(see Fig. 8-52). The horizontal intensity is proportional to the gravity 
gradient, has a maximum in the sonth, and is zero above and at a minimuin 



Tig. 8-52. Anglos and distances on two~diin(insional bodies (frcjin loft to right, 
top row first): cylinder, vertical fault, infinite vertical dike, finite vcirtical dike, 
slope, inclined dike, antiedine, syncline. 

north of the dike. The vertical intensity is proportional to the negative 
curvature and has a maxiraiim above the dike.^*^ 

In the case of a vertical dike of limited depth extent^ the f-ruiisvcrsc mag- 
netization is likewise negligible and the anomalies 


Formulas (S-GD) were given in the following form by Smyth as early as 1899: 


AH « C log 


t (a: + ay 


and 


AZ 


= 2C ^tun~ 


X -Y a 


tan~'^ 



wdiere 2a is the width of the dike, C a constant, d tlio depth to the upper surface, 
and X the horizontal surface distance from center. 
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AH = 2kZo log. 

TiTs 

AZ = 2icZo(<ps <pi — — ^ 2 )- 


(8-61c) 


The same rules in respect to maxima, minima, and zero points apply as 
for the infinite dike. Howe-ver, since the lower end becomes efiecti-ve, 
positive curvature values appear on the sides, and the maximum in vertical 
intensity is flanked by two minima. 

Tor a horizontal sZafe, the horizontal transverse magnetization is generally 
not negligible, and the anomalies 


zMI — 2a: Ho sin — ^3 Hh ^ *4“ loge ““ 

L nnj 


AZ 


= 2ic Ho sin a 


loge Zo {(Pi — <p3 ^ 

n Vs 


— j . 


> (8-61d) 


The horizontal intensity has a maximum over the southern and a minimum 
over the northern edge. The maximum in vertical intensity occurs over 
the middle of the slab and is flanked by two minima in the north and 
south. 

The complete magnetic anomalies of a slope are 


AH = 2k sin f < Ho sin a sin i{(p 2 — (pi) — cos i log^ ~ 



“1“ Zo 1 sin i log« — -F cos i{<p 2 

L n 

- «)]} 

AZ = 2k sin i Iho sin a 

sin i loge — -h cos i{(p^ — (pi) 



(8-61e) 


sin i((p 2 — ^ 1 ) — cos i log^ 


3J 


The transverse horizontal magnetization may be neglected when the strike 
is nearly meridional and in high magnetic latitudes. The horizontal in- 
tensity rises gradually to a maximum near the upper edge of the slope 
and drops rapidly past it if the slope is upward in the x direction, as shown 
in Fig. 8“52. If the slope is downward in the same direction, the hori- 
zontal intensity shows a minimum of the same general character. The 
vertical intensity rises from a minimum on the south side of the slope 
through zero to a maximum over the upper edge. Downslope in the 
a: direction the vertical intensity passes from a maximum through zero 
to a minimum. For very gentle slopes the gradient of gravity and, hence, 
the horizontal intensity is very nearly constant, particularly for meridional 
strike or high latitude. 
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For wide inclined dikes or formations of gentle dip, the transverse mag- 
netic effect is generally not negligible, except under favorable conditions 
of magnetic latitude and strike. For steeply dipping formations and ore 
deposits whose width is small compared with their depth extent, the 
anomalies are,^^ when the transverse magnetization is neglected, 

AH = 2k sin iZo sin i bgc — ^ + cos ii<p2 ~ -f — ^4) 

L Dn J 

f (8“61/) 

^2 = *“ 2/c sin i Zo sin ii(p2 ““ “h <^3 — <^4) — cos i loge — . 

L j 



Fi(i. 8-53. Effect of dip on hori- 
zontal and vcrti(!al intensities for high 
magnetic latitudes. Strike Id-W, J = 
(>IT (after Haalck). Heading dow^n : OC'"' 
dip, 45'’'' dip, 0° dip. 


Above an inclined dike the hori- 
zontal intensity has a maximum in 
the south and a minimum in the 
north. The ratio of their amplitude 
depends on the dip; for a vertical dike 
they are approximately equal. The 
smaller amplitude on the hanging wall 
side rises to a peak above the dike 
and then drops rapidly on the foot 
wall side. On the latter a minimum 
appears which increases in amplitude 
as the dip decreases. Fig. 8-53 
shows the influence of dip for a dike 
of infinite depth extent and high mag- 
netic latitude>s. The anomalies in- 
dtidc transverso lioidzontal magneti- 
zation. 

Figs. 8 ”51 a to 8-54c illustrate the 
iiifiuencci of strike on magnetic ano- 
malies for high, intermediate, and 
low magnet i(t latitudes. 

•'MCve (A.I.M.K. CJoopliyHical Pros- 
pecting, 204-205 [19321) giv(3H the* follow- 
ing formulas for an irndiiUMl (iik(' : 

AH == 2m log/--^ 

A 2 = 2 ni((,^)i — *P2 " 4 " <104). 

'riiese expressions ol)vio\isly hold for a 
finite vertical and not fora dipping dike; 
they correspond to eqiis. 8'61o. 
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For symmetrical and asymmetrical anticlines and synclines the analytical 
expressions become too complicated even if the transverse magnetization 
is neglected, and it is simpler to operate with the graphical methods dis- 
cussed in the next paragraph. 

4. The magnetic anomalies oj irregular features may be calculated by 
evaluating first their torsion-balance anomalies with graticules, interpreta- 
tion diagrams, or integraphs, as discussed in detail in Chapter 7, on pages 
265-70. If the number of elements comprised by the outline of a geologic 
body is i in a curvature diagram, and n in a gradient diagram, the gravi- 
tational anomalies are U^z = C"8n and Uxx — where C is the con- 
stant effect of each mass element in E.U. The magnetic anomalies follow 
by substitution of these expressions in eq. (8-60^): for 5 = 1 and jk = C 


AH = Ck(Ho sin a-i -f Zo*n) 
AZ = <7k(Ho sin a-n — Zo*i). 


(8-62(x) 


If the unit effect in the torsion-balance diagrams is 1/10 E.U., the con- 
stant C in eq. (8-62u) is I 5 O 7 . Diagrams for the direct calculation of 
magnetic anomalies may be constructed^^ by introducing some simplifica- 
tions in the last formula. 

As shown in Chapter 7, gravitational anomalies may be calculated 
mechanically with special integraphs. The magnetic anomalies then follow 
from the surface integrals of the section of subsurface bodie.s so that, by 
combination with eq. (S-fiOe), the horizontal and vertical intensity 
anomalies 


ah = 2kT' f f sin <p cos {<fi - I') 
s ^ 

AZ = 2kT' f f cos <p cos {<fi - rj 


(8-62i) 


whore V and T' are the apparent total intensity and inclination and p 
and p the polar coordinate.s of the elements in the sc^ction at right angles 
to the strike. Gamburzoff^’* has coriKtructecl single integraphs for calcu- 
lations of intensities at oiu^ si-ation, and multiple integraphs for simulta- 
neous indication of the surface intcigral at ten stations. 


E. IWTKRPKETATIDNr THEORY BaSED ON BoTU PeUMAMENT AMD 

D iVlA(}METIZAniON 

While the induction theory gives fairly accurate results for formations 
of low or intermediate sii.scept0)ility and furnishf‘.H at least the shape of 


Pirson, A.I.M.Pt Contr., 91 (Nov., 1935). 

G- A. Gainburzeff, Gerl. Heitr., 24(2/3), 83-93 (1929). 
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the aaomal^ curve correctly for strongly magnetic rocks, it has been known 
to fail in several cases as far as the magnitude of the calculated anomalies 
is concerned. This has led several investigators®^ to assume abnormally 
high susceptibilities, as in the case of the Kursk, and other magnetic 
anomalies associated with iron ores. In at least one instance the assump- 
tion of high susceptibility could not be maintained after the rock specimen 
had been tested (Kursk). Hence, it appears that the fault lies with the 
theory and that susceptibility alone is not suflEcient to describe the effects 
of the surface in all instances. As a comparison of the hysteresis curves of 
Figs. 8-11 and 8-12 shows, the susceptibility alone would be sufficient 
in the latter case to express the effect at the surface, whereas in the former, 
it would not suffice. In the first case, the intensity of magnetimtion 
would have to be represented by a function of the form ^ -h xH 
while in the latter the mere product = /dS as given in the preceding 
theory expresses the situation satisfactorily. The tabulations given on 
pages 315-16 for the coercive forces and remanent magnetization d' of 
rocks indicate that (1) the ratio of coercive force and maximum suscepti- 
bility for rocks is much greater than for commercial iron and steel; (2) for 
many metamorphic and eruptive igneous rocks the remanent magnetiza- 
tion is greater than the product of susceptibility and Cearth^s) field. Thus, 
in some instances, the induced magnetization may be neglected in com- 
parison with the remanent magnetization (see formulas on pages 382 and 
387). 

It is possible to make allowance for such conditions by adding, in the 
formulas of the preceding section, the remanent magnetization to the in- 
duced magnetization. Since the remanent magnetization is a vector whose 
direction may or may not coincide with the direction of induced magnetiza- 
tion, it must he resolved into its longitudinal and transverse components. 
For thin ore bodies, igneous sheets, and the like, and for low suscepti- 
bilities, the transverse components of both induced and remanent magneti- 
zation are usually negligible, so that from formula (8-55) : 


AH = {kZo =fc ^i) 

r 

p“ 


^ (8-63a) 


where Si is the longitudinal remanent magnetization and the ± sign indi- 
cates normal or abnormal polarization, respectively. 

For a wider vertical body the transverse components of both induced 
and remanent magnetization may become important. Hence, the anoma- 
lies follow from formula (8-615) and are, if both the longitudinal (Si) and 


Slichter, cp. cit., 250. Haalck, aerl. Beitr., 22 , 241-255 and 3S5-399 (1929). 
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the transTerse (Bt) induced components are considered, 

AH = 2 

At == 2 logj ^ ■ 


( 8 - 636 ) 


By addition of the corresponding components of the remanent mag- 
netization (d'l and d't), these formulas change to 


AH = 2 [^log. ^ (kZ, + ^ 

At = 2 j^^(/cZo ± ^i) -f log. ^ ^ 


(8-63c) 


where, for the transverse magnetization also, the demagnetizing effect 
(N = demagnetizing factor) has been included. is the horizontal 
component perpendicular to the strike. Nf and 3^ are usually important 
for fairly high susceptibility only. In approximation, formula (S-CSc) 
may also he used for dipping ore bodies provided, of course, that the mag- 
netizations 3'i and 3'i , as indicated, are reckoned in the longitudinal and 
transverse direction of the dike or vein. 


F. Model Expekimbnts in Magnetic Interphktationt 

The value of model experiments in magnetic interpretation lies in the 
fact that the magnetic fields of geologic bodies can ))e ascertained with 
greater accuracy by experiment than they can be (calculated. This ad- 
vantage is enhanced by greater speed and the {lossibility of simulating 
irregular distributions of magnetic materials. The earlic'st application of 
model experiments was probably made in Swed(?n, wlu're the use of the 
magnetic method in the location and depth (l<‘t(‘rmiuation of magnetic 
ore bodies necessitated accurate ini.erpretation rnfdhods. lAindlx^rg and 
Suiidberg state that siudi expend m (ui ts hav(‘ lanm carried out contiiiuoiisly 
since 1875 by students of the Royal Insthute of ^Ihnduiology in St.oekholm. 

Probably the first- deseription of mochd ('xpeudnumts was given by 
Thalfud'^" who used a miigiietic l)ar in a \'(M-fical position. Above ih(‘ bar 
was a board which he r-otaied al)Out a vertical axis (*oiiH*i(l(‘nt with the 
axis (3f thc;l)ar. At intervals of 20^, defdiiiat ion and liorizontal intensity 
were determined with a Thal6n niagnetom(4(‘r. Similar in<)d(d (experi- 
ments were carried out by Uhlich.**^^ 

In Jernkontorei' s Annaler (1879), translated i>y B. 'furh'y il 'nlf’r.siicfiiing vo/i 
PJ i sene rzje Idem durch magneiischc M essurtgeri [Leipzig, 1879 1) p. “)!) 64. 

A uf me hung magnetischer Mrzlagerstaetterij pamphlet iK.sued by Jdhrbuch fuer 
dris herg~ imd Iluetienweseri in Sachsen (Freiberjs;, 1902 ). 
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Haanel^^ describes an arrangement for magnetic model experiments con- 
sisting of a square table abont 40 inches high and 65 inches square, brass 
rails on two sides, on which a bridge could be moved to any desired posi- 
tion. The bridge carried a movable slide to which a magnetometer was 
attached. Hails and bridge were graduated so that the position of the 
magnetometer with reference to any stationary object below the table 
could be accurately determined. The model ore bodies were made of hard 
cast iron or hardened steel, and they could be magnetized by solenoids. 
Their distance from the plane of observation was regulated by supports of 
properly adjusted heights. A vertical adjustment of the position of the 
magnetometer within small limits made it possible to investigate the eff'ects 
of topographic irregularities. 

Hotchkiss®® studied the influence of dip and strike of magnetic forma- 
tions upon a dial compass and a dip needle on a simple drawing board. 
On the underside of this board a sheet of tin 20 by 28 inches was attached 
by suspending it on a pair of copper nails in varying distances and at 
varying angles of dip. For the determination of variations in declination, 
a compass was fastened to a triangle, and this triangle was moved along a 
T square. With a more elaborate experiment table adapted to observa- 
tions with both dial compass and dip needle, he then made measurements 
of the influence of dip and strike upon both declination and dip. 

Rothelius,^® in 1924 used an elliptical magnet 35 cm long, 7 cm wide 
at the largest point, and 8.5 mm thick. Eve and Keys^°° experimented 
with vertical sheets to check methods of determining depths and dimen- 
sions of magnetic ore bodies from observations in difierent levels.^°^ 

An efficient arrangement for testing magnetic structures, effects of base- 
ment rocks, and the like, has been perfected by Barret,^®^ The models 
are made of a plastic substance of variable magnetic susceptibility and are 
placed in a tray at an adjustable distance from a glass plate representing 
the earth^s surface. The earth^s magnetic field is produced by a pair of 
Helmholtz coils, which may be tilted and may be supplied with variable 
alternating currents to simulate changes in the direction and intensity of 
the normal earth’s magnetic field. The normal field is first measured 
without the model by a small earth inductor connected to a rectifier and 
D.C. galvanometer. Then the model is inserted and the measurements 
are repeated. Since the distance between the glass plate and the model 

Op. cit,y 95. 

Wisconsin. Geol. and Nat. Hist. Survey Bull., 44, Chap. IV, ‘^Magnetic Obser- 
vations,^’ pp. 112-113 (Madison, 1915). 

A.I.M.E. Geophysical Prospecting, 210-211 (1932). 

A. S. Eve and D. A. Keys, A.I.M.E. Geophysical Prospecting, 206 (1932). 

See also Canad. Geol. Survey Mem. 170, 30 ff. (1932). 

102 Oil WeeMy, 66 (T), 27-30 (Aug. 1, 1932). 





(b) 

Fio. 8-55. Arr{in^(‘iu<*iil (or magiielict model (^xperi lueiils 
l^ana^t}. (a) lOnergiziii^^ eoil, mo<leI tray and in- 
rliirtor’ pUilform, (h) i iidiictor, 


tray may be changed, 
rather accurate depth 
determinations are 
possible with this 
method (see Fig 
8 - 55 ). 

Later Jenny^®^ de- 
vised an apparatus in 
which the shape of a 
structure was repre- 
sented by bar mag- 
nets suspended from 
pulleys with counter- 
weights. The vector 
direction was indi- 
cated by small dipping 
needles free to move in 
vertical and horizontal 
planes. In place of 
the bar magnets, glass 
tubes filled with mate- 
rials of different sus- 
ceptibility were sug- 
gested to represent the 
vertical sequence of 
f(jrma lions of differ- 
ent, magnetizations. 
In that case the nor- 
mal terrestrial field 
wawS produced l)y a 
coil. 


( 1. ITxDEnGROUNJD, 
Aiciual, and Plat- 
FOHrvi HtntvEYs 

SiiK'C! inagncdic sur- 
v<\\'s und(‘rgrouiid are 
givally ha iidi capped 
by ])ow(a’ liiK‘s, pipes, 
and rails, such objects 
shfjuld be removed a.s 
far as praeti cables Er- 
ratic readings may 
be jn’oduced by cjre 
.stringers and strongly 


»-'Tcrr. iMjijr., 40(1). 71 
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magnetic or abnormally polarized rocks on tunnel and shaft faces. Before 
an underground survey is contemplated, it is good practice to go through 
the workings with a compass and determine the spots of irregular attraction. 
Magnetic measurements underground have been made chiefly with Swedish 
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Fig. 8-56. llejsiilts of underground obscrv^ations, Tiherg method (ironi Berg 

Catalogue) . 


instruments. However, the more sensitive Schmidt balances have betni 
used in a few cases. Haalck^^^ has published the results of a number of 
vertical intensity observations in a drift from whicli rails and pistes had been 
removed. Two negative anomalies of about —200 7 v'ore observed. 
These were due to lenses of serpentine encountered iii higlier levels of the 

10 ^ Handb. Exper. Phys., 25 ( 111 ), 386 (1930). 
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same miae, indicating that ore bodies above the level of observation give 
rise to negative anomalies (see below). The same phenomenon "was 
observed in the iron ore mines of Berggiesshuebel in Saxony, where meas- 
urements were likewise made with the Schmidt balance. 

In Swedish mines Tiberg’s method of determining vertical intensity as 
well as direction and length of the horizontal disturbance vector has been 
widely applied. The procedure was described on page 379. Another 
method uses a magnetometer with height adjustment on a plane table so 
that not only the regular stations in the middle of a tunnel but also points 
horizontally and vertically in line with them may be surveyed. Results 
of an underground tunnel survey are reproduced in Fig. 8-56, showing the 
horizontal vectors as well as results of vertical intensity observations in 


a I h 
S 



a i 3 
A 




Ic 


a \ b a \ b 






Fig. 8-57. Anonialous vectors for various oro bod)^ positions in iimnel surveys. 
I, Upper end of ore body below tunnel; II, lowtu-tuid of or<‘ bofI>^ above tunnel; III, 
lower end of ore body below tunnel; IV, upper end of ore body above tunnel. Ic, 
vector griidi{3nt at 15; lie, vector gradient at lie. 


three levels. The need for vertical intensity rBeMsureineiits arises from 
the fact that the magnetic bodies may be below or above the instrument. 

Four possibl (3 comlhnations are shown sc*h<‘rnatically in Fig. 8-57: 
(1) when a south pole, or upper end, of an or(i body is b(do\v tlie drift, the 
horizontal anomalous vectors point toward the pole; (11) if ils north pole, 
or lower end, is above tlu' drift, the horizontal vectors will \)(\ dimictedaway 
from the polcb (III) if its north pole is below, the horizontal vectors point 
away; and (IV) if its south pole is above, tln^ horizontal voedors will point 
toward it. If interpretation w'ere liased on horizontal \u^<!tors alone and a 
(tross cut were driven on the strength of the vi.udor pattern in case IV, the 
ore body w'ould bo found; in case I it would be missed. The addition of 
vortical intensity measurements overcomes part of the difficulty. If two 
adits, as shownin Fig. 8-57, were always available, no mistake in interpre- 
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tatioa would "be possible. Positive vertical intensities with diverging 
horizontal vectors could mean a lower end of an ore body above, negative 
vertical intensities with diverging horizontal vectors a lower end below, 
positive vertical intensities with converging horizontal vectors an upper 
end below, and negative vertical intensities with converging patterns an 
upper end above. However, such favorable conditions seldom occur and 
the actual number of combinations of vector directions is not four but eight. 

To eliminate the remaining un- 
certainty, intensity gradients (in 
vertical or horizontal intensity, 
or both) may be measured where- 
by vector gradients, as shown in 
the figure, may be plotted. This 
will correctly indicate the posi- 
tion of the pole, even if the po- 
larization of the ore is abnormal. 

Determinations of depth or 
distance to ore bodies may be 
made by measuring intensities in 
different levels of a mine, in dif- 
ferent depths of a shaft, at the 
surface and on a platform (see 
Fig. 8-58), at the surface and in 
a balloon, or by airplane in differ- 
ent altitudes. The first method 
was proposed by Dahlblom in 
1899. When observations are 
made at two points directly above 
an ore body of considerable depth 
extent, if d is the distance of the 
lower point of observation from 

^ , F. Ridddl 

the upper pole of the oie o y Magnetometer observation 

and if d + is the distance of platform, 

the upper point from this pole, 

the vertical intensities follow from formulas (8"52c) and are 


(above) AZ 2 = 



(below) AZi = ^ ; 


Hence, from their ratio 




AZi !> AZs. 


1 


(8~64a) 
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If the ore body is extended in the direction of strike, the relations are (see 
theory of magnetized line, formulas [8-55]) : 

(above) /SZ% = and (below) AZi = ^ 

so that 


Ac? 
AZi ^ 
^2 ” 


(8-645) 


To attain a fair accuracy, it is necessary that Ac? be comparable in magni- 
tude with c? (about O.ld). Haanel^*^^ and Eve and have given 

examples of such depth determinations. In Haanel’s case, the actual 
depth of the ore body was about 30 meters; the plane of observation was 
raised 3 meters and application of eq. (8-64a) gave 30.13 meters. Eve 
and Keys used a platform 10 feet high on the Falconbridge ore body, whose 
depth was between 112 and 123 feet; the depth calculated from (8-645) 
was 118 feet. Eve and Keys also attempted to determine the depth to the 
lower pole but were unsuccessful because of the obvious limitations of this 
method. Where platforms fail to give sufficient change in distance or 
depth, the geophysicist is forced to ‘‘take to the air.^' Moasiiroments in 
captive balloons have been used above the Kiiriiiia ore bod3^^‘'’^ Magnetic 
measurements by automatic recording devices in airplanes have the ad- 
vantage not only of direct depth determination hut of great speed and 
applicability to inaccessible country.^*'^ 


VI. MAGNETIC SUKVEYS 

The following discussion of the rcvsults of nuigiK^tic (‘xi)loration is of 
necessity limited to a number of the mon^ typical eas(‘s. [11 t.lie United 
States alone the area covered by magnetic surveys Ls (‘stiinat(‘(l to be close 
to I million square miles and only a frad ion of t h(‘ results has been made 
public. Nevertheless, the international lil(Tatur(‘ on niagiudie surveys is 
fairly (extensive owing to tln,^ fact that they ar(‘ not difficult, t hat (*(piipinent 
is usually availahh^, that gc'ologic ol)j(‘ct,s for tJic .study of magnetic effects 
arc readily found, and that inagiu'tic (^x})l()ra.ti(>n has a jiplieations in min- 
ing, oil exploration, and (‘ngiinan-ing g(U)logy. 


ITuanel, op. cil.^ 8(3, 

K VO and Keys, op. 6'//.,201. 

ir. Tjundhcn’g and K. ^SuIld^J(^rg, A.I.M.IO. G€ 0 }>liy.si(ail Pro.sp<'f*ting, 209 (1932). 
IT(dIaiid, Kng. and Min. J., 136(12), (309-610 (Deo., 1935). 
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A. Magnetic Surveys m Mining 

1. Surveys of iron ore: magnetite, hematite, and brown iron deposits. 
Probably the most famous example of magnetic iron ore exploration is the 
survey of the Kursk magnetic anomaly. This anomaly, near Krjukowa 
and Bielgorod, was discovered by I. N. Smiiuow in 1874; it was further 
explored by Piltchikow, Sergijevsky, and Rodd, and was briefly discussed 
by Moureaux in 1896.^®^ A systematic magnetic survey was started in 
1889 by E. Leyst, who from 1896 to 1909 surveyed some 4500 stations. 
He left Russia in 1918 and died abroad. The survey data and original 
maps could not be recovered after his death and a commission was organ- 
ised in 1919 under the direction of P. Lasareif. Between 1919 and 1926 
about 20,000 stations were occupied. In an area of some 500 square kilo- 
meters not only were magnetic data collected, but also gravitational 
anomalies were surveyed by pendulum and torsion balance. In 1923 the 
first diamond-drill hole at Stschigry reached the ore body at 163 meters. 
Altogether thirteen holes were put down in this area by 1926, and further 
drilling revealed additional bodies in the Saltikowsky, Oribiiiansky, and 
Tim districts. 

According to a recent notice in the Soviet press, the iron ore reserves 
proved to date in the Kursk region amount to 290,000 million tons while 
the quantities of potential deposits are estimated at over 600,000 million 
tons. 

The anomalies have been described by many authors, notahly by 
Lasareff, from 1921 to 1926.^^'^ They are located east and southeast of 
Kursk in two parallel strips. One, through Stschigry, is almost 160 km 
long and 2 to 20 km wide. The other, near Bielgorod, is almost 50 km 
long and 40 km wide. The strike of the anomalies is KNW-SSE. In 
the zones mentioned, the vertical intensity anomalies are of the order of 0.5 
gauss (that is, the same magnitude as the earth’s field), and at some loca- 
tions they reach 2 gauss. The horizontal intensity anomalies have ex- 
tremes of “hO.8 and —0.6 gauss; extremes in declination differ by 180°. 
For the vicinity of Stschigry and Stary Oscoe, the magnetic, gravity, and 
torsion-balance anomalies have been described by Lasareff. In Fig. 8™59, 
the torsion-balance and magnetic anomalies in the vicinity of Stsehigr\'' 
are reproduced, together with the geologic section as determined by drill- 
ing. The sediments in this section are Tertiary, Triassie, and Devonian. 
At a depth ranging from 152-186 m the basement rocks (gneiss, quartzite) 

109 C. R., 122, 1178, (1896). 

^19 For a list of Lasareff’s publications see Ambroiiii, op. cit.. Bil)L, p. o27, items 
910-915. 

Gerl.Beitr., 16(1/2), 71-89, 91-102 (1926). 



fWE 
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Pig, 8“59. Torsion-balance and magnetic anomalies in a traverse across the Kursk 
magnetite deposit, with geologic section (after Haalck) : (a) torsion-balance anoma- 
lies, (b) magnetic anomalies, (c) geologic section. 
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were reached, "witli a bed of magnetite, dipping at an angle of about 60° 
and having a thickness of some 220 m. The iron, content varies from 26 
per cent on the outside to 40 per cent on the inside of the bed. The dip 
is likely to decrease and the thickness to increase below the depths reached 
by the drill. 

In the interpretation of the magnetic anomalies and in the comparison 
of the gravitational and magnetic results/^^ difficulties were soon experi- 
enced, since the magnitude of the anomaly could not be explained by the 
material encountered by the drill. Tests of the quartzites brought to the 
surface gave only 0.2 to 0.4 for the susceptibility. 

Calculations of the magnetic anomalies by Gamburzeff^^^ showed that an 
agreement of theoretical and observed values could be obtained for a mag- 
netization of 0.7 (which, withH = 0.5, corresponds to k = 1.4). Haalek^^^ 
arrived at similar values from a comparison of torsion balance and mag- 
netic effects, and Slichter^^^ concluded that the susceptibility of the Kursk 
ore would have to be of the order of 2.17 to explain the anomalies/^® 

This discrepancy between results of specimen tests and values obtained 
from the anomalies leads Haalck to believe that the anomalies are not due 
to induction in the earth^s field and that their real cause is a mag- 
netite deposit of high iron content below the quartzites reached by the 
drUl. 

In another anomaly exceeding the earth’s field, a better agreement was 
observed between susceptibilities determined in the laboratory and those 
obtained, from the magnetic observations. Fig. 8-60 shows the magnetic 
anomalies at Kiiruna in Sweden. The ore body is magnetite, about 85 m 
thick, dips at 55° to the east, comes within 84 m of the surface, and is 
known to a depth of about 200 m. The vertical intensity anomaly is 
about 0-7 gauss; the horizontal anomaly —0.4 gauss. Carlheim-Gyl- 
lenskold^^^ determined in the laboratory an average of 0.8 for the sus- 
ceptibility of the ore, andHaalck^^^ concluded from calculations that induc- 
tion in the normal earth’s field can sufficiently explain the anomalies if 
the susceptibility difference against the adjacent rocks is 0.5 to 0.6. Fig- 
8-61 represents an underground surrey made in the Kallmerberg district 
in Sweden^^® and illustrates the relation between position of ore bodies and 
horizontal anomalous vectors. 


See discussion on p. 401 in sec. E. 

113 Op. at, 19(273), 210-230 (1928). 

ii^Gerl. Bcitr., 22(3/4), 241-255, 385-399 (1929). 

113 Op. at, 251. 

113 See discussion on p. 401. 

^17 Magnetic Survey of Kiimnaraara (Stockholm, 1910). 
iisGerl. Beitr., 22(3/4), 241--255 and 385-399 (1929). 

11^ Lehrbuch prakt. Geol., I, 378-381 (1921). 
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Iron ores of contact-metamorphic origin sometimes show reverse polari- 
zatioiij indicating effects of thermal and mechanical processes. An instance 
of this sort was observed by the author and H. Seblatnigg on the magnetite 
deposit of Eerggiesshuebel in Saxony. Its 'western portion shows distinct 
negative anomalies (mux. —1500 7 ) while the eastern part, offset by a 



Ptcj. 8-00. rvliig’iH't itt' anoinalios above Kiiruiui iron ore body (aftor Carlh(‘irU“ 

Cb^'llenslvold). 


fault, reveals ])ositive aiiomali(\s of approximately the same magnitude. 
Another definite iiistaiico of reverse polarization was observed by Bahrie- 
man (see Ixdow) in South Africa. Rapid changes in amplitude, frequently 
leading to negative anomalies, are found near deposits formed by magmatic 
diflhrontiatioii, indicating irregular concentration of magnetite in the 
pr()(*('ss of ])lastir‘ flow and magnet ostrietion in the process of cooling. 


Htdtr. iiMgLOv. CuM)]yhys., 1(1) J 10-116 (1930). 
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Magnetic anomalies on magnetite deposits formed hj contact or dynamo- 
metamorpMsm are usually more regular in appearance than on deposits 
produced by magmatic differentiation/^^ 

In this country the iron ore districts of the Lake Superior region were 
surveyed extensively at an early date. Field and interpretative technique 
were described by Smytli^^^ and Hotchkiss.^^^ In recent years dip needle 
surveys have been made in Wisconsin by Aldrich^“^ and in Michigan by 
Stearn^"^ and Swanson. Further studies of magnetic anomalies on iron 
ore deposits are described by Stratton and Joyce.^^^ Traverses across 
scattered magnetite veins near the Errington mine in Ontario are described 



mas 

Ore Counf'rif Sanguf Maqatik 

/^9(k Yechf 

Fig. 8"61. Underground magnetic sector survey in Kallnierberg mine, Sweden (after 

Keilhaclv). 

by Eve and with the remark that the anomalies had no relation 

to the ore sought in this area. A similar experience was recorded by h]dgc 
and Laby^"'^ who found, at Kadina, South Australia, an anomaly of about 

V. S. Bur. Mines Tccli. Paper No. 431) (1029). 

^^^U.S.G.S. Monograph No. 35, Part II, 336-373 (1899). 

Ocol. and Nat. Hist. Survey Bull. No. 44 (1915). 

A. I.]\I.P1 Geophysical Prospecting, 393 (1929). 

H, St earn, .V.I.M.F. Goupliysicul Prospecting;, 301-302 ih)29?. 

A.I.iVI.E. Geophysical Prospecting, 290-312 (1934). 

^-^11. 8. Bur. Mines Tech. Paper No. 523 (1932). 

Canad. Geol. Survey Mem. 156 , 143 (1931). 

12'*' Edge and Laby, The Prinripleif <i /id Practice (4 (rcoplii/ricdl P ntspect nig, p, 192 
(1931). 
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5500 7 , several hundred feet long. A. shaft sunk at the point of maximuin 
anomaly to a depth of 60 feet encountered much magnetite in the schist 
country rock but no commercial ore.^^^ These are examples of '^stray’’ 
anomalies produced by magnetite stringers and magnetite slate in areas of 
contact and dynamo-metamorphism. They often interfere with the effects 
of commercial ore bodies but may be useful in tracing nonmagnetic ores . 

Magnetic anomalies of fairly regular type were observed on hematite and 
magnetite deposits of the Lahn-Dill district in Germany by Kegel. 
Rossiger and Puzicha^^^ examined the magnetite deposit of the Spitzenberg 
in the Harz mountains. Correlations of anomalies with susceptibility 
measurements in the laboratory indicated that the deposit was more 


400 

m 

200 

m 



Fig. 8-62. (a) Difference in anomalies on t\^^o iron deposits in same section (after 
Ildssiger). (6) Magnetite (black) pseudomorphism after hematite (hatched), {cu, 
Lo\rer Carboniferous; tm.d, Middle Devonian, Stringocephalus beds with hematite; 
Dh and Df, diabase; cuk, lower Carboniferous siliceous slates with hematite.) 


strongly magnetized than corresponded to induction in the earth field. 
The deposits of the Harz mountains originated from contact-metamorphic 
alteration of hematite and specular hematite to magnetite (see Pig.8-62b). 

Sedimentary iron ores containing hematite and brown iron produce small 
magnetic anomalies (unless later subjected to contact- or dynamo-meta- 
inorphism). Pockets of brown iron ore in basalt, formed by decomposition 
of basalt, could be located by Meyer (see Fig. 8~63) . In Missouri small 


The curves indicate a depth of about 80 feet. 

Goal. Landesanst- Berlin Sitziingsberichte, 4, 60 (1929). 

^^^Beitr. angew. Geophys., 3(1), 45-108. See also G. Beyer, Beitr. angew. 
Geophys., 3(3), 337-363 (1933). 

Beitr. angew. Geophys., 1(4), 420-431 (1937). 
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and somewhat irregular anomalies were obseryed by Grohskopf^^ ou iron 
ores in sink holes in sandstone and dolomite. The soft red hematite ore 
was found to be nonmagnetic, the irregular anomalies being due to blue 
specular hematite. In Wisconsin Steam'®® could trace oxidized iron ore 
by the mardmiim found on the hanging and foot wall over unoxidized por- 
tions of the Cuyuna iron formation. Likewise, Rdssiger and Puzicha'®® 
found that hematite (red iron ore) was virtually nonmagnetic, but that its 
action changed completely when altered to magnetite. Fig. 8-62a shows a 
typical example. The iron ore in the N-W of the profile produces little 
or no effect, whereas the '‘euk” formation (a Devonian siliceous slate with 



o n tc 


Fig. 8-63. Magnetic? anomalies on brown iron ore pockets in basalt (after Meyer). 

red iron ore, partiall^^ reduced to magnetite [see microphotograph]) is 
accompanied by a pronounced anomaly. 

2. Surveys oj pyrrhotite deposits and of iiorinagnetic ores associated with 
magnetite or pyrrhofite. The pyrrhotite deposit of Falconbridge (Sudbury, 
Ontario) lias been the subject of intense study with virtually all major 
geophysical methods— gravitational, electric, magnetic. Various traverses 
made across the ore body with a dip needle have been published by Slieh- 
ter and clearly reveal the effect of variations in the thickness of glacial 
drift. 

J. G. Grohskopf and C. 0. Heinoehl, Mo. Stato Oeol. Rep., App. Ill, 146-157 
(1931) ;App. IV, 5-20 (1933). 

OjD. cit., 188 (1932). 

136 Loc. cit. 

137 Op, cit., 254. 
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In tie Zeehan field in Tasmania, Edge and Laby^^* investigated copper- 
nickel deposits, accompanied by basic dikes. The anomalies were rather 
iadefimte.^^^ In the Renisoa-Bell tin field, flat-lying pyrrliotite bodies 
containing cassiterite, near the surface and outcropping, were surveyed 
with the vertical magnetometer, and anomalies as high as ±4000 y were 
observed. A core hole brought down at the point of greatest magnetic 
anomaly encountered massive pyrrliotite at a depth of from 8 to 25 feet. 
Other magnetic indications were confirmed in a similar manner. 

In the Lake Superior copper country, magnetic measurements have been 
used extensively because of the association of magnetite with the copper- 
bearing lava flows. The copper is found in the brecciated tops of certain 
of the flows, and the traceability of individual flows within the sequence is 
due to variations in their magnetite content.^^° In igneous basic rocks an 
association of magnetite concentration with gold values sometimes is 
encountered. Where this relation is consistent, magnetic measurements 
can be iiseful.^^^ Other applications of magnetic measurements to the 
location of nonmagnetic ores will be discussed under the heading of struc- 
tural or stratigraphic associations. 

3, SiLTveys of placer deposits (noble minerals associated with magnetite by 
mechanical concentration) have been conducted in California, Colorado, 
British Columbia, Alaska, and elsewhere. The surveys in British Colum- 
bia w^ere described by Laylander,^^^ those in Colorado by Heiland and 
Courtier^^^ and by Wantland.^^^ On shallow placers, anomalies may be 
quite large (up to 300 y) (see Fig. 8-64) which explains why these effects 
were originally discovered with less sensitive instruments. Recent placer 
investigations in California and Nevada are described by Jakosky.^^" 
ilagnetic measurements arc said to have been applied in platinum placer 
prospecting in Russia but details are not available. Where placer channels 
are filled with flows of igneous material they may be located without diffi- 
culty, but then the relation betw^eeii magnetite and gold concentrates is 
masked and the effect is one of a stratigraphic or structural association. 

4. Surveys of mineral deposits associated structurally or siratigraphically 

Op. ci[., p. 84. 

Authors do not stute whether the anomalies arc no{>;ativc or positivo. In the 
southern hemisphere, vertical intensity anomalies are nejj;ativo when ore bodies arc 
normally magnetized. Adicn plotting anointilies in the same way as in the northern 
hcMiiisphoro, a maximum would indicate abnormal polarization. To avoid eoiifiision, 
negative anomalies should be plotted upward. 

■^0 Steam, op. cit., 187 (1932). 

Heiland, Terr. Mag., 37(3), 343 (Sept., 1932). 

-*2 Eng. and Alin. J., 121, 325 (1936). 

A.LiVLE. Geophysical Prospecting, 369-370 (1929). 

i'*Colo. Sch. Mines Quart., 32(1), 87-115 (1937). 

’ A.I.M.E. Tech. Publ. No. 515, Dee., 1933. 
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with magmtic formations inYoheihemBLppixig of iatrusions, dikes, magnetic 
slates, and similar formations. An example of the first application is the 
work done on the bauxite deposits in central Arkansas, believed to have 
been formed hy weathering of syenite plugs. In the Tri-State district^^® 
lead zinc ores were found to follow the magnetic lows and the flanks of 
magnetic highs, which in turn reflect topographic highs of the pre-Cambrian 
porphyry surface. Apparently the circulation of mineralized solutions 
was controlled by structure of and faults in the flanks of the buried uplifts. 
Contact Clones with associated ore bodies may be traced by magnetic 
measurements of igneous intrrisions where limonite and hematite com- 



Fig. 8-64. Horizontal and vertical intensity anomalies and anomalous vectors on 
gold placer near Golden, Colorado, 

pounds in adjacent formations have been changed by reduction into mag- 
netite. Examples were discussed before. 

Frequently the intrusive bodies are magnetic themselves, and ores asso- 
ciated with iiitrusives may thus be indirectly located. Examples are the 
surveys near the Abana mine, where a quartz diabase dike in the vicinity 
of sulfide (replacement) deposits was subjected to intensive study with 
various geophysical methods/^^ and a survey published by Steand^ 
showing the effect of a monzoixite dike associated with seams ot galena. 


Grohskopf and Reinoehl, loc. cit. 
Canad. Geol. Survey Mem. 170, 52-73. 
Op. cit., 193 (1932). 
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Surveys of intrusive bodies have been helpful in connection with prospect- 
ing for chromite. From the published da,ta it appears that some occur- 
rences of chromite are magnetic and others are not. Deposits in Russia 
on which magnetic tests were made were definitely' magnetic and also 
showed usable anomalies. Where the chromite is nonmagnetic, a survey 
of the associated intrusions may, nevertheless, yield useful results. 

Intrusive dikes associated with gold values may often be traced by a 
magnetometer through the use of positive and negative anomalies. Mal- 


Tofa! Jnfm, /mfr, J^eading 

5cale D/V. 



Fig, 8“65. Section across peridotite plug in Arkansas, showing depth finding by 
anomalous vectors (after Steam). 

amphy^^® traced gold-bearing pegmatite dikes by their increased magnetiza- 
tion (negative anomalies, Southern Hemisphere), while Stearn^^*^ surveyed 
gold-bearing rhyolite dikes that were intruded into monzonite and caused 
negative anomalies. 

In diamond-mine exploration, the magnetometer can be helpful in trac- 
ing the igneous plugs or pipes in which the diamonds occur. Stearn^^^ 
applied the magnetic method to the location of peridotite plugs in Arkansas 

A.I.M.E. Geophysical Prospecting, 325 (1934), 

Loc. cii. 

151 rbid., 197. 
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(see Fig. 8-65), Krahniana^®^ on a Kimberlite pipe in southwestern Trans- 
vaal. In this survey the — 1200 gamma (Son them Hemisphere) anomaly 
followed very closely the outline of the pipe. Strong magnetic anomalies 
in the contact zone due to magnetized shales were also recorded. 

The stratigraphic association of sedimentary nonmagnetic beds of com- 
mercial value with magnetic members in the geologic section has been 
utilized to advantage in the Lake Superior region where strike, dip, and 
faults of the copper-bearing lava flo^vs have been mapped by tracing mag- 
netic members in the series, and in South Africa in connection with 
exploration for the gold conglomerates of the Witwatersrand system^^ 
(see Fig. 8-66). These strata show evidence of considerable metamor- 
phism and consist of quartzites, slates and shales, the gold-bearing con- 
glomerates, and volcanic beds. Several dikes and faults cut through the 
area. In the west Witwatersrand the accurate stratigraphic relation of 
the magnetic beds (magnetic slates) to the main reef could be well estab- 
lished. During the experimental period a number of magnetic proJBles 
were run on outcropping sections. Fig. 8-66 shows vertical intensity 
anomalies for the section near the main reef. The curves are quite insu- 
lar because of changes in magnetite content. In the upper profile, at the 
point of greatest irregularity, magnetic material (extracted by electro- 
magnets) varied from 0 to 80 per cent, and susceptibilities from 0 to 
10,000- 10“^ When the overburden becomes comparable with the dis- 
tance of the magnetic shale members, their effects overlap, resulting in one 
major negative (Southern Hemisphere) anomaly (see Fig. 8-67). While 
in this particular area the magnetite shales were normally magnetized, 
syenite, dolerite, and granophyre dikes cutting through the area were 
abnormally magnetized. In another area^^^ abnormal polarization w^as 
found on the magnetite shales (anomalies of 20,000 y for a depth of 477 
feet) . The susceptibilities determined in the laboratory were not sufficient 
to explain the magnitude of the anomalies. It has been estimated that 
as a consequence of the magnetic surveys the potential gold production 
has been increased by at least one-eighth of its present amount. 

In the location of gold placer deposits, the stratigraphic association of 
placer channels with magnetic formations other than the concentrates can 
be helpful in locating the channel itself. Edge and Laby^^^ have demon- 
strated this at Gulgong, New South Wales, where the channels are filled 
with basalt flows, producing positive (Edge-Laby definition) anomalies 

Min. and Met., 16, 542 (June, 1935). 

Steam, op. cii., 187. 

Hrahmann, Geol. Soc. S. Afr. Trans., 39 (1935). 

See F. Bahnemann, A.I.M.E. Contrib. No. 79, 1935. 

See discussion on p. 401. 

Oji. cii.t 189. 
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Fig. S'66. Vertical intensity anomalies on outcrops of sections of lower Witwaters- 
rand system in West Wits area. The middle profile is 12 miles southwest of Krugers- 
dorp. (After Krahmann.) 



Fia. 8-67. Interpretation of vertical intensity anomalies, western section, West VYits 
area, 33 miles southwest of Krugersdorp (after Krahmann). 
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ot about 500 7. Placer clianiiels may also be located structurally if the 
bedrock is magnetic. Fig. 8-68 shows a negative magnetic anomaly above 
a bedrock depression corresponding to an auriferous gravel channel in 
California. 

Structural magnetic prospecting has been applied in various countries 
in coal exploration. Edge and Laby^^^ surveyed the brown coal field at 
GelliondalCj Mctoria, with torsion balance and magnetometer. The 
brown coal is about 400 feet thick and occurs 50 to lOO feet from the 




Fio. 8-68.jAIa^-n<?tic* lows over placer chaanels in Califoraia (after E.W. Ellsworth). 

surface, in troughs of Jurassic sandstone. Magnetic anomalies were 
caused by this sandstone and ])asaltic intrusions. Since Carboniferous 
deposits wore formed in geosvnclinc.s, the regional depressions of tlic crystal- 
line basement and therefore negative magnetic anomalies have l)eon found 
to be characteristic of p)roduetive Carboniferous in many areas in Europe 
(productive belt througli Mons, Namur, and Luettich;^"'^ Eiihr Basin be- 
tween Muenster, Diiesselclorf, Elberfeld, and Socst;^^'’^ Carboniferous areas 

Ibid., 158. 

Reich, op. cit., I, 2U. 

Ibid., I, 31. 
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in northern France, near Aachen, in Hessen, Saxony, and Upper Silesia^®^ 
in Germany). 

5 . Surveys for miscellaneous ores (chromite, manganese, and the like). 
As stated previously, direct magnetic prospecting for chromite may be 
successful if the ores are more magnetic than the basic igneous rocks in 
which they occur. Reference to magnetic work on chromite is made by 
Krasulin^*^^ in the Urals, by Bagratuni^®^ at Geidara (Kurdistan), and by 
Snelgrove^^^ in Newfoundland. A reference to Lundberg’s^®^ work men- 
tions magnetic effects of chromite ore in Newfoundland and surveys of 
chromite-bearing serpentines in Canada. Under favorable conditions, 
sedimentary manganese ores may be located directly at shallow depth. 
As shown by a survey made at Nickopol,^®^ Russia, the ore, consisting of 
pyrolusite, psilomelane, polyanite, and wad, occurs at depths of from 20 
to 40 meters in clay on granite. Magnetic anomalies were small (of' the 
order of 100 y in Z) and very irregular, corresponding to varying composi- 
tion of the ore and changes in the granitic bedrock surface. 

6 . For the location of meteors, the use of the magnetometer is, in most 
cases, uneconomical. An average iron meteorite, buried several feet deep, 
is not effective beyond a radius of 5 or 10 feet. Unless its location is known 
within very close limits, magnetic prospecting, even with a dip needle or 
cardan magnetometer, woufd require too many stations. When there is 
an accumulation of a large amount of meteoric material, the magnetic 
method may be used to locate areas of greatest concentration. For 
Meteor Crater, Arizona, Jakosky^®^ reports anomalies of surprisingly small 
magnitude ( 667 ) at the SW portion of the crater and assumes that the 
magnetic material begins at 200 feet and concentrates with depth. 

B. Magistetic Surveys in Oil Exploration 

Oil-bearing formations are rarely magnetic, and some other formation 
of a known structural or stratigraphic relation is mapped. Such associated 
formations are ( 1 ) salt domes, ( 2 ) magnetic beds in the sedimentary sec- 
tion, and (3) basement rocks and igneous intrusions. The exceptions 
where the oil-bearing formations themselves produce magnetic effects are 
(c) granite wash on the flanks of ridges, (5) serpentine plugs and laccoliths, 
and (c) shoe string sands. 

Reich, Zeit. Geophys., 2(T), 273-278 (1927). 

^*^2 Ra.zvedka Nedr., 5/6, 18-21 (1933). 

19 , 19-21 (Dec., 1933). 

Chromite Deposits of Newfoundland^ Dept, of Nat. Hes., St. Johns, Nf. 
and Met., 1 $, 337 (Jan., 1935). 

166 Trubiatchinski, Geol. and Prosp. Service, TJ.S.S.R. Fasc. 166, (1932). 

A.I.M.E. Geopliysical Prospecting, 69 (1932). 
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1. The magnetic location oj salt domes was attempted shortly after the 
introduction, of the Schmidt magnetometer. In northern Germany, salt 
domes produce negative anomalies by a combination of the following 
effects: (a) diamagiietism of the salt, (6) diamagnetism of gypsum and 
anhydrite in the cap rock where present, (c) paramagnetism of glacial 
strata if salt dome is near surface, and possibly (d) slight paramagnetism 
of Tertiary and Cretaceous sediments. Magnetic surveys on salt domes 
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Fig. 8-69. Ma^^netic anomalies on Port Barre salt dome (after Barret) . 


were made by Schuh^^^ and Moll^®^ in Mecklenburg; by the author on the 
salt domes of Segeberg and Lueneburg; by Haalck and Brinkmeier^''^ on 
the salt dome of Wefenslebeii; by Kohl and Krahmann^'^ on the salt 
anticlines of Salzgitter and Beiithen. Except on outcropping cap rocks. 


Mecklenb. Geol. Survey, 32 (1920), 

Mecklenb. Geol. Survey, 33 (1922). 

Haalck, Die magneiischen Verfakren, p. 132. 

Metall undErz,, 23 , 583-586 (1926); 26 , 571-582 (1928). 
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salt dome anomalies seldom exceeded 20 or 3 O 7 in any of the above 
surveys. On the salt dome of Hettenschlag, in Alsace/*^^ the negative 
anomalies were of the same order. When, magnetometers were first in- 
troduced on the Gulf coast, experimental surveys were made on a number 
of known domes. The author ran a number of traverses on the Barbers 
Hill and Esperson domes in 1925. In the following years the magnetom- 
eter found more application for the mapping of basement topography, and 
it was not until its accuracy was increased that it was used again in salt 
dome work on the Gulf coast. Surveys have been published by Barret^^^ 
for theSimmsboro area and for the Anse La Butte and Port Barre domes/^^ 
and by Jenny^^^ and Clark and Ehy^^® for the Fannet dome. The latter, 
comparatively near the surface, produces an anomaly of — 257 . The 
Port Barre dome, at much greater depth, has an anomaly of only — ISy 
(see Fig. 8-69). 

2. Determination of structure by the mapping of magnetic sedimentary 
formations. While most magnetic anomalies in producing or prospective 
oil territory are due to changes in topography or composition of the base- 
ment rocks or to intrusions of igneous rocks, there are certain areas, 
particularly those distinguished by great thicknesses of sedimentary forma- 
tions, where the effect of sedimentary beds predominates. The effective 
magnetic members may be ferruginous shales, sandstones, volcanic tuffs, 
iron conglomerates, and the like. Uplifts of such formations are charac- 
terized by positive anomalies except where magnetic members thin out 
over the crest or have been eroded away. Such conditions occur in 
California^^’^ where there is a marked variation in susceptibilities of sedi- 
mentary rocks. In the Tertiary formation, susceptibilities vary from 
14 • 10”® in the Saugus of the Upper Pliocene to 4000 • 10~® in the vivianitic 
sandstone of the McKittrick group in the Pliocene. 

The Cretaceous is, on an average, more magnetic than the Tertiary, and 
the Jurassic (Franciscan) is more magnetic than eitlier Tertiary or Cretace- 
ous. The picture is further complicated by interbedded volcanics, and 
nietaniorpbic and intrusive rocks. At the Haven Pass anticline witli flank 
dips of 40° to 50°, Cretaceous beds in tlie center are more magnetic than 
tlic Aliocene on the flanks, giving rise to positive anomalies of l lOy on 
tlie crest. On the other hand, on the White Creek syneline 20 miles 
northwest of Coalinga with strongly magnetic (U’etaceous beds on the 

P. Geottroy, Ann. Off. Comb. Liqn., 6, 1015-1021 (1929). 

Barret, Mapping Geologic Structure with the Magnet onuVrie Methods 
(Shreveport, Feb., 1937), 

^^MA.A.P.G. Bull, 19(7), 1070-1071 (.Inly, 1935). 

^75 Oil Weekly, A])ril 27, 1036. 
i'«A.A.P.G. Hull., 19(3), 363 (Mar., 1935). 

B. 1). Lynton, A.A.P.G. Bull., 16 ( 11 ), 1351 -137() (Nov., 1931). 
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flanks and moderately magnetic Etchegoin beds ia the core, a drop in 
vertical intensity was observed. The Kettleman Hills structure shows a 
series of highs on the upturned edges of the fold, magnetic lows along the 
axis of the north dome, and a series of highs on the axis of the middle dome, 
indicating that the magnetic beds were eroded from the north dome but 
are continuous across the middle dome. Similar conditions appear to 
exist on the Dominguez dome.^^^ 

Erosion of magnetic formations from the crest of anticlines may also be 
responsible for magnetic lows found above uplifts in other states. The 
problem of their origin has not been settled and the following explanations 
have been advanced : (a) effects of well casing and derricks, (&) abnormal 
polarization, (c) erosion of magnetic formations from crests, and (d) ir- 
regular basement magnetization. Negative anomalies have been found in 
the Healdton, Oklahoma City, and Garber fields.^^^ Conversely, Som- 
ers^^° believes that positive anomalies may be encountered on anticlines 
because of uplifts of magnetic sedimentaries as well as on synclines be- 
cause of an increase in thickness of magnetic sediments. 

According to J enny^^^ both effects are in evidence on the Gulf coast. 
In the northern part of that area magnetic anomalies are presumably 
caused by structural uplifts, while along the coastal portion they are 
assumed to be due to changes in thickness of the magnetic strata. The 
magnetically active beds are assumed to be of Eocene age in the north and 
of lower Miocene age in the southern portion. In the former, the Conroe 
field produces a distinct positive anomaly^^^ (15 to 20r) (see Fig. 8-70). 
When magnetic formations are uplifted by a salt dome, the negative salt 
effect may be obliterated and replaced by a positive anomaly above the 
dome (Jenuy^^^). 

The presence of magnetic members in a sedimentary column gives an 
opportunity for the location of faults. They may reveal themselves by 
a transition of higher to lower magnetic values or by abrupt depressions 
in the curve, all depending on thickness, depth and dip of the magnetic 
beds, and hade and throw of the fault Fig. 8-71 (from Lynton^®^) shows 
a magnetic survey on the San Andreas fault and Tig. 8-72 on the Walnut 
Creek fault. The trace of the latter is indicated by a sharp drop in the 
profile curves, higli values to the northeast corresponding to the more 

California Oil World, April 30, 1931. 

Oil and Gas J., Nov. 15, 1928. 

‘‘Anomalies of Vertical Intensity,’’ Colo. Sch. Mines Mag., Aug.-Dee., 1930. 
Jan. -Feb., 1931. 

^81 Oil Weekly, July 16 and 23, 1934. 

82 L. H. Williams, Oil Weekly, Aug. 21, 1934 

83 Oil Weekly, April 27, 1936. 

8^ Loc, cit. 
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magnetic Cretaceous sediments and low values to the southwest cor- 
responding to less magnetic Eocene strata. In the Pettus area (Bee 




Pig. 8“71. Magnetic survey of San Andreas fault, California (peg model) (after 

Lynton). 

County, Texas) Barret^^^ observed a definite minimum on the principal 
fault whose throw is some 500 feet in the Pettus sand (Eocene, about 
4000 feet deep). Magnetic anomalies of faults are often greater than 


Loc, cit. 
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anticipated if basement rocks have been affected, if igneous sheets have 
been intruded into the fault fissure, or if the fault plane has acquired con- 
centrations of magnetic material or has been magnetized by other causes. 
J. Jung. and C. Alexanian”® made surveys on faults at Allschwill (Meletta 
against Gyrene marls), at Niederhaslach (Triassic lime against sandstone), 
atAubure (granite against sandstone) and at Guewenheim (Meletta marls 
against shales, and the like), and observed the typical depression in the 
vertical intensity curve also noticed elsewhere. They came to the con- 
clusion that this effect cannot be explained by the susceptibilities and 



Fig. 8-72. Magnetic survey of Walnut Creek faulty Calif uraia (celluloid profiles on 

map) (after Lynton). 

disposition of the adjacent foimatioiis but must be an effect of the fault 
plane itselj. Similar depressions in magnetic curves corresponding to the 
Leopoldsdorf and Sollenau faults in the Vienna basin were observed by 
Forberger^ Johrij and Petrascheck.^^^ 

3. Map'ping of basement topography and of igneous infrusions. In 
many oil-producing areas or prospective oil territories, structure in the 
sedimentaries is controlled by the topography of basement rocks due to 
deep seated folding or faulting, or by differential settling about pre-existing 
basement Mghs. Intrusions of igneous rocks, such as plugs and batholiths. 

186 Ann. Off. Comb. Liqn., 4, 711-720 (1031), 

187 Akad. Wiss. Wien, Sitz. Bcr., 143 ( 1 ), (5-7), 137-145 (1934). 



428 


MAGNETIC METHOD 


[Chap. 8 


aad lateral injections into sediments in the form of laccoliths may produce 
doming of strata, and their magnetic anomalies will give an indirect 
indication of structure in the oil-producing section. . Where basement 
rocks are uniformly magnetized, mapping of topography has resulted in 
the location of new oil fields and the extension of known ones. 

One of the best-known examples is the Hobbs field^®® (Lea County, 
New Mexico, see Fig. 8-73). It was located in 1926 by a midwest mag- 
netometer party, surveyed by torsion balance, and drilled in 1927. Con- 


A 36 V 



Fig. 8-73. Magnetic contours (after Lahee), structural contours (after DeFord), 
and torsion-balance data (after Coffin) for Hobbs field, discovered by a. magnetic 
survey - 

siderahle development followed in 1929. The magnetic contours are 
shifted ill comparison with the structural contours at 4000 feet. Accord- 
ing to Barret's interpretation, this is due to the normal induction in the 
earth^s magnetic field which places the maximum in Z south of the highest 
point of the subsurface feature. On other structures such displacements 


A.A.P.G. Bull, ie(l), 51-90 (Jan., 1932). 
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of magnetic and structural contours have been found to occur (a) -when 
there is a shift of the structural axis; (6) when an igneous core acts as a 
buttress against lateral forces which pushed the sedimentaries over the 
igneous core; and (c) when the basement is not uniformly magnetized, for 
instance, when a buried hill consists of both sedimentaries and intrusives. 

Another instructive example of the successful application of the mag- 
netometer in locating oil structure by mapping basement topography is 
the survey of the Nocona field (Fig. 8-74).'®’ The magnetometer closure 



Q tOOO’ 3000' 


{a) (6) 

Fig. 8-74. Magnetic and structural contours of Xocoiia field, Oklahoma. The 
northern extension of the field was developed as the result of the inagnetonaeter 
survey, {a) Magnetic* contours, {h) structural contours. 

is small aad the magnetic high is shifted with respect to the structural 
high. In the Lucieii field a small magnetic anomaly is caused by the 
granite core of the Ordovician The buried Amarillo granite ridge 

has been the object of considerable magnetic study. Profiles over the 
ridge were made as early as 1925, and the results were published by 
AdanW^^ and the aiithor.^^“ The granite is about 3000 feet deep at the 

Heilaiid, Terr. Mag., 37(3), 343-348 (Sept., 11)32). 

1'-^° Jennv, Oil Weekly, 72(13), 16-18 (Mar. 12, 1934). 

191 Oil and Gas J., Feb. 16, 1928. 

^92 Colo. Sob. Mines Quart., 24(1), 64 (Mar., 1929). 
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highest point, where the magaetic anomaly is some 3 OO 7 . In the eastward 
extension of the Amarillo Ridge, the Wichita and Arbuckle Mountains 
and their buried forelands ha^ve been surveyed in detail by the Shell Oil 
Co. A portion of their magnetic map is reproduced in Fig. 8-75. The 
geophysical surveys and subsequent drilling brought out the fact that the 
Arbuckles form a separate folding system, are not connected with the 
Wichita Mountains, and are separated from them by the Ardmore basin. 
The Wichita Mountains continue uninterruptedly as the Walters Arch 
into the Muenster Arch. The interval of the magnetic isanomalics (ob- 
tained with magnetometers) is IOO 7 - The Arbuckle, Criner, Walters, and 
Muenster Arches are indicated by magnetic highs approximately cor- 
responding to gravity highs, while the intervening Ardmore and Marietta 
synclines are magnetic lows. While the magnetic anomalies are, in the 
main, caused by the contact of the sediments with the pre-Cambrian 
gneisses, granites, granite porphyries, and the like, changes in the com- 
position of the basement rocks also affect the picture. Sediments appear 
to have little or no effect on anomalies in this area. 

For Alabama, similar regional surveys and interpretations are discussed 
by Eby and Nicar,^^^ and for the coastal plains of North and South Caro- 
lina, by McCarthy/®^ Regular trends of highs and lows of considerable 
amplitude (up to 1200r) were observed. The actual number of detailed 
magnetometer surveys made for oil exploration in Texas, Louisiana, Mis- 
sissippi, Alabama, Oklahoma, Kansas, Colorado, New Mexico, California, 
Wyoming, and the Dakotas is much greater than these few examples 
would indicate. The general conclusion to be derived from this work is 
that the magnetic method can be exceedingly useful in structural oil 
prospecting of such areas where the basement rocks are of uniform com- 
position and uniformly magnetized and where magnetic sediments, if 
present, are continuous and conformable to basement topography. Where 
there are rapid changes of igneous rocks in the basement, intrusions of 
irregular character, erosion of magnetic sediments, or irregular distribu- 
tions of magnetic materials within them, magnetic exploration should be 
replaced by a different geophysical method. 

As previously mentioned, faults may be located magnetically where they 
have affected the basement rocks. In the Amarillo field (N. H. Stearn^^*^) 
the Potter County fault of 1200-1500 foot throw showed by an abrupt 
drop in Hotchkiss superdip readings. Over the Beckham County fault 
with a throw of 300-600 feet the intensity dropped about 400y. The 

World Petrol. Congr. Proc., B(I), 174 (1933). See also Fig. 7-516. 

Geol. Survey Ala. Bull., 43 (June, 1936). 

I'Mour. Geol., 44(3), 396-406 (April-May 1936). 

A.LM.El. Geophysical Prospecting, 189-191 (1932). 
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depth of the basement in the case of the Amarillo fault on the downthrow- 
side was assumed to be about 4000 feet and the depth of the basement in 
the case of the Beckham County fault about 2500 feet. The Hazeldean 
fault (Miller^^^) in the pre-Cambrian, with a throw of 700 feet, caused a 
positive peak of about 12O7 on the upthrow side and a flatter negative 
anomaly of — 160 7 amplitude on the downthrow side. Theoretical calcula- 
tions checked the maximum as to amplitude and position, but gave for 
the negative anomaly about half the observed amplitude and a negative 
peak much closer to the fault. 

Igneous intrusions have been frequently mapped in connection with 
magnetic oil exploration. Extensive batholithic intrusions may give rise 
to doming of the oil-bearing strata. Fracture and fault zones are often 
accompanied by intrusions; laccolithic wedges produce warping in the 
sedimentary beds. Examples of magnetic effects of intriisives have been 
frequently cited in the literature and but a few examples will suffice. 
Lynton^®® reports a number of surveys on basic igneous intrusions from 
California whose susceptibility is given as around 7000- 10”® units. In the 
vicinity of Paso Creek in the San Joaquin Valley the magnetometer out- 
lined a strong high (anomaly not stated). A well subsequently drilled 
encountered plu tonic rocks at 2700 feet. In the Ventura basin near 
Oxnard an anomalous area with peak value of 700y was outlined, and a 
well put down in the high area encountered basalt at 1915 feet. The 
susceptibility of the basalt as determined on well samples w^as 700-10“®. 

On the Jackson uplift in Mississippi an extensive magnetometer survey 
was made by Spraragen.^®^ A difference of 9OO7 iu vertical intensity from 
the lowest to the highest point corresponds to a difference in depth to the 
chalk of 560 feet, A similar survey was made by Barret^'^^ on the Caddo- 
Shreveport uplift. The maximum in vertical intensity is 25O7 and a 
minimum of —2507 occurs to the north. The structural high is much 
broader than the magnetic high, and there appears to be a considerable 
shift (to the south) of the place of maximum vertical gradient compared 
with the place of maximum structural gradient. The area of the COO-foot 
contour (on top of the producing sand in the Nacatoch formation) is dis- 
placed as much as 10 miles to the northwest from the area of the 225-y 
contour. A rather unusual condition exists in tlie serpentine fields of 
southwest Texas (Yoast field, Bastrop County; and Dale field, CJaldwell 
County) because the oil occurs in the magnetically active formation. 
In the Yoast field”'’^ the serpentine is at a depth of about 1500 feet 

Canad. Geol. Survey Mlmh., 170, 99-118 (1932). »S(‘o iilso 7-117. 

C'it. 

Oil and Gas J., 30(26) (Jan. 21, 1932). 

A.A.P.G. Bull., 14(2), 175-183 (1930). 

D. .\r. Colli ii^!:\v()()cl, .V..'\.P.G. Bull., 14(9), 1191-1198 (fSept., lt)3U). 
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and produces a positive anomaly of about 25y. Studies of exposed 
igneous rocks in Uvalde and Kinney Counties, Texas, were correlated 
by Liddle^^^ with surveys of the Little Fry Pan anticline, where small 
magnetic anomalies were found. A well located on the highest 
point of the anticline encountered 150 feet of serpentine at lOOO feet 
depth. Other serpentine plugs in the same area (Yoast field, Dale field 
[serpentine at about 2000 feet]; Ellstone structure [serpentine at about 700 
feet]; Buchanan field [serpentine at 1800 feet]) were outlined by Sprara- 
gen.^'^^ In the San Pedro area in Brazil, Malamphy^^ studied the effects 
of laccoliths and sills of basalts, found anomalies of the order of 2 OO 7 
maximum corresponding to susceptibilities of about 4000- lO”® units, and 
compared actual depths (350 to 460 feet) with depths calculated from the 
drop of the vertical intensity curve (which gave from 300 to 400 feet). 
Where oil production is associated with intrusives along fracture and fault 
zones, detailed magnetic surveys to locate the igneous sheets will be of 
considerable help. Examples of such surveys in Mexico have been 
p)ublished by the author.^'’^ 

4, For the location of shoestring sandsj only one example is known. 
Stearn^°® has described results obtained on several profiles through the 
Bush City shoestring in Anderson County, whose depth is from 600 to 
800 feet. Anomalies are predominantly negative and of the order of 20 
to 4 O 7 . As Steam indicates, it would be difficult to locate shoestrings 
magnetically because of the small magnitude and lack of definition of 
the anomalies. 

C. Ma^gnetic Surveys in Civil a.ni> Militarv Engixeerino 

The scarcity of magnetic surveys in civil and military engineering is due 
not so much to adverse conditions as to lack of information on the part 
of the civil engineer regarding the possibilities of geophysical exploration. 
The usefulness of magnetic methods has been demonstrated in a number 
of cases discussed below. 

1. Water s'li'pply and drainage surveys derive much assistance from 
magnetic exploration where water occurs in troughs underlain by crystal- 
line or igneous rocks, where its circulation is controlled by structure of 
magnetic beds, where water occurs in porous magnetic igneous rocks, or 
where its circulation is blocked by faults or igneous dikes. An applica- 
tion of this sort is mentioned by Grohskopf and Reinoehb^*' who found that 

202 A.A.P.G. Bull., 14(4), 509-515 (April, 1930). 

203 Op. ciL, 28(62 ) 42 (May 15, 1930). 

20 ^ A.LM.E. Tech. Publ, No. 696 (Feb., 1936). 

203 Colo. Sch. Mines Quart., 24(1), 61 (1^29). 

2®6 A.I.M.E. Geophysical Prospecting, 192 (1932). 

2®7Miss. State Geol. Rep., App. IV (1933). 
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thmning and tightening of the -water-hearing beds occurred on magnetic 
highs so that chances of increased water supply were greater on the 
flanks and in the lows. A report hy Kelly^® states that a subsurface 



ioo 200 JCO 

Fig. 8-76. Location and thickness determinatioii of basalt flows for building and 
road material (after Ahrens). 


structural trough was mapped magaetically by Jakosky to inyestigate 
water supply conditions on the Kaibab plateau. 

2. In the location of construction materials , magnetic methods have con- 
siderable chance of success in outlining occurrences of igneous rocks sait- 

208 Min. and Met-, 17, 10 (Jan., 1936). 
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able for building stone, sucb as granite, basalt, and the like. Big. 8-7S shows 
the magnetic anomalies of a lava flow above nonmagnetic Tertiary shales. 
The magnetic anomalies are proportional to the thickness of the lava 
cover; minima occur where the shales come through to the surface. 
Ahrens^°’ and Schroeder and Reich^“ established by a detailed survey of 
a basalt quarry that it was possible to differentiate between solid basalt 
usable for construction purposes and unusable w^eathered rock, since the 
anomalies over portions of the latter were much reduced. 



Fig. 8-77. Location of buried amnninitioii by iiiugiietic and electrical measure- 
ments. Anomalies are shown in profile view, together with eciuipotential lines of an 
electrical survey. (After Ebert.) 

3. Dam site surveys. Magnetic surveys can be of much help in deter- 
mining structural coiiciitioiis and rock properties on dam sites since the\' 
are much less expensive than drilling; at least, their use makes it passible 
to limit drilling operations to the absolute minimum. Hatv the use of 
geophysics can reduce excavation and construction costs has been demon- 
strated ill the case of the Bonneville Dam. It is reported that in tlu^ 
geological survey of that area the possibility of igneous intrusion.'^ was not 
recognized and that, after the first excavations encountered liasalt, a 
geophysicist 'was called in to survey the basalt dikes. This siihseciueiitly 


Eeitr. angow. Geophys., 2(4), 320 (1932). 

aagew. Geophys., 1(4), 432--43(> (1931). 
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cianged the coastruction plaas and made it possible to use basalt pillars 
as fomdations for a power house. 

4. If the location of buried meld (pipe lines, ammunition) is known 
approximately, it may be readily found by magnetometers adaptable to 
rapid surveys, such as the dip needle and similar magnetometers. A 
Keuffel and Esser prospectus describes the location of two pipe lines, and 
an article by Ebeit“^ discusses the location of a buried ammunition 
magazine by electrical and magnetic measurements (see Fig. 8-77) . Terti- 
cal intensity anomalies up to 40Oy were observed. Two lost magazines 
were found by combined electrical and magnetic measurements. 


angev. Geopiys., 1(1), 9-14 (1930). 



SEISMIC METHODS 


1. INTRODUCTION 

Seismic procedures are in the group of “indiieet” geophysical methods in 
which extraneous fields are set up aad reactions of subsurface conditions 
to such fields are measured. Seismic exploration is concerned with the 
investigation of elastic forces. Contrary to other indirect geophysical 
noethods— such as electrical ones— these fields of elastic fore® are not 
stationary or quasi-stationary but vary and propagate with time. In 
common with electrical methods, the depth of investigation in seismic 
exploration may be controlled by varying the spacing between transmis- 
sion and reception points.^ This gives both the seismic and electrical 
methods great interpretational advantages over the gravitational and 
magnetic methods, since the indications furnished by the latter two repre- 
sent the integral effects of all masses from great depths up to the surface. 
Direct and quantitative determinations of depths are the exceptions in 
gravimetric and magnetic work, hut they are common practice in seismic 
and resistivity methods.. A further advantage of seismic methods lies in 
the fact that not only the depths of geologic bodies but also some of their 
physical properties may be obtained. 

Seismic and resistivity methods are, therefore, particularly well adapted 
to determinations of horizontal or nearly horizontal formation boundaries. 
This does not mean that other types of geologic bodies may not be well 
adapted to seismic exploration. Seismic refraction shooting has attained 
great practical significance in the location of salt domes because of the 
distinct geometric disposition and elasticity contrast existing in such 
domes. 

Like most other geophysical methods, seismic methods depend for their 
successful application on the size of geologic bodies to be located. Both 
the refraction and resistivity methods depend on the thickness of forma- 
tions compared with depth. This does not appear to hold for the reflec- 

1 With the exception of the reflection method. 
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SYMBOLS USED IM CHAPTER 9 


a 

amplitude, distance 

! a 

coefScient, factor 

h 

amplitude, breadth 



c 

distance 

c 

constant 

d 

deflection, distance, diameter. 

d 

damping factor 


depth 



e 

distance 

e 

2.718 

j 

frequency 

f 

friction 

if) 

frequency factor 



a 

gravity 



h 

depth, height, thickness 



% 

angle 

i 

number 

i 




k 

1 

incompressibility factor 
length 

k 

factor, number 

m 

mass 

m 

number 

n 

tuning factor 

n 

number 

V 

percentage, proportion, factor 

P 

damping resistance 

q 

restoration coefficient 

q 

refractive index 

r 

distance, radius 

r 

ratio 

H 

distance 

s 

scale reading 

t 

time 

t 

temperature 

U 

displacement 

u 

salinity 

V 

displacement 

V 

velocity 

w 

displacement 



X 

coordinate, displacement 



y 

coordinate, displacement 



z 

coordinate, depth 



A 

distance 

A 

vector amplitude 



B 

vector amplitude 

C 

constant, curvature 
distance, depth 

C 

vector amplitude 

D 

D 

couple 

E 

electromotive force 

E 

Young's modulus 

F 

force, load 



H 

height, depth 

H 

field strength 

r 

current 

I 

intensity 

j 

sectional moment of inertia 

J 

indicator length 

K 

moment of inertia 

K 

compressibility 

L 

length 



M 

magnification 

M 

magnetomotive f orco 

N 

turns 



F 

force, pressure 

P 

power 

Q 

factor, amplitude 

i 


R 

ratio 

R 

resistance 

S 

factor, amplitude 

S 

surface, area 

T 

period, time i 

T 

transmission constant 

U 

ultimate stress i 

U 

transmission constant 

V 

volume 

V 

indicator magnification 

ir ! 

energy density ! 

w 1 

dynamic magnification 

.V : 

amplitude 

X 1 

stress component 



Y 1 

stress component 

Z \ 

depth 

Z 1 

stress component 

a 

angle ! 

a ! 

coefficient 

a 

angle 

g 

coefficient 

y 

angle 1 

1 

i 
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6 

angle 

5 

density 

A 

increment 



€ 

angle; damping constant 

e 

dilation coefficient 


friction factor 




damping factor 

e 

volume change 

X 

wave length 

X 

Lamd coefficient 

A 

logarithmic decrement 




(Gralitzin) damping factor 

1 * 

rigidity modulus 



V 

velocity ratio 

n 

Poisseuille coefficient 


p 

j radius, distance 



or 

: Poisson’s ratio 


factor 

r 

torsion coefficient 

z 

time 

<P 

angle 




flux 


1 dip angle 

P 

angle 



u? 

angular frequency 


t 


tioa methiod, which has been found to be applicable to depths of 20,000 
to 30,000 feet without any apparent relation to the thickness of the re- 
flecting formation (provided it exceeds a certain minimum value, such as 
25-50 feet). As the principal objective of seismic methods is a depth 
determination of elastic discontinuities, it is necessary that these properties 
remain reasonably constant in horizontal direction. This is true for most 
oil-bearing structures in which formations have been changed compara- 
tively little from their original position, and it is one of the reasons why 
seismic prospecting has been applied so extensively in oil exploration. 

Uses of seismic prospecting in mining have been few. Regions in which 
ore bodies are found are generally folded, faulted, intruded by igneous 
bodies, and metamorphosed. The continuity of physical properties that 
is so prevalent in sedimentary oil-bearing regions i-arely exists in mining 
areas. Further, ore bodies generally do not differ sufficiently in their 
elastic properties from the surrounding rocks. Exceptions are the seismic 
determination of overburden thickness, the location of gold-bearing gravel 
channels, and structural in\’'estigations of carboniferous regions and 
sedimentary ores. 

Applications of seismic methods depend on the degree of contrast in 
elastic properties of geologic bodies with respect to the surrounding media. 
In seismic exploration, differences in the speed of elastic waves in different 
formations are measured. These depend on certain combinations of 
Young’s modulus of elasticity, Poisson ^s ratio, and density. The iiifliieiiee 
of density counteracts that of the inoduliis of elasticity. Htnvever, with 
an increasing degree of consolidation, the niodiihis of elasticit\’ increast^s at 
a greater rate than does density so that formations of a gnviter degree ot 
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consolidation, dynamo-metamorpliism, and greater geologic age generally 
exhibit a greater seismic wave speed. 

In regard to physical laws involved, seismic phenomena are comparable 
to optical phenomena since they deal with a type of energy propagated 
in the form of waves. Wave propagation may he said to be characterized 
by velocity, frequency^ intensity, direction, and certain associated or de- 
rived characteristics and phenomena, such as travel time, wave length, 
ahsorption, refraction, reflection, and the like. In optics, only quasi- 
stationary phenomena are investigated, owing to the rapid rate of propa- 
gation of light, whereas in seismic work, virtually all interpretation is 
based on travel time. Comparatively little quantitative use is made of 
direction, frequency, and intensity. The chief objective is to determine 
the distance between the earth^s surface and one or more refracting and 
reflecting surfaces below. Sensitive detection devices are used to record 
the arrival times of first (refraction) or later (refraction and reflection) 
impulses. These detectors embody an inert mass which remains (at first) 
stationary in respect to the ground, and whose movement may be magni- 
fied mechanically or electrically. In addition, the instant of the explosion 
is transferred to the receiving station; accurate time marks are provided 
on the record so that the time elapsed between the shot and the arrival 
of the elastic impulses may be found. Together with a determination of 
distance between shot point and record, this permits of measuring the true 
and apparent velocities of elastic waves. 

The simplest method of seismic prospecting is the fan-shooting method. 
This consists of comparing the travel times from a single shot point to a 
number of pickups arranged approximately in a circle around it. The ex- 
istence and sometimes the nature of an intervening medium may be deduced 
from these data. More detailed information is derived from the refrac- 
tion method, which consists of shooting traverses with one (or two) shot 
points and a number of seismographs set up in line, and determining the 
travel time as a function of distance. The time-distance curves give in- 
formation on the paths of seismic rays below, their refraction, and depths 
to refracting surfaces. In the reflection method, the travel times of re- 
flected waves allow depths to reflecting surfaces to be calculated. 

Observation methods and instruments in seismic prospecting and earth- 
quake seismology are very similar in respect to time marking, time trans- 
mission, and recording procedures. The inductive electromagnetic seismo- 
graph, which is now widely used in geophysical exploration, was developed 
for earthquake seismology by Galitzin more than twenty-five years ago. 
On the other hand, important differences in instruments were brought 
about by the needs of adaptation to geological exploration. This resulted 
in a decrease of size, increase in portability, increase in natural frequency 
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and magnification, introduction of electrical amplification, increase in 
photographic recording speed and restriction of the record to the vertical 
component. However, the theory of wave propagation used in seismic 
prospecting is again quite similar to the theory developed in earthquake 
seismology. 

In the application of the seismic method to oil exploration, great suc- 
cesses have been obtained in locating salt domes, anticlines and faults, 
and in mapping the topography of basement rocks. Buried land surfaces 
and limestone beds are usually good seismic key horizons. While in oil 
exploration refraction methods dominated the field several years ago both 
for reconnaissance and detail, the picture has now changed completely. 
Ever increasing fields of application, have been found for the reflection 
method. It was soon discovered that not only limestone beds but hard 
shales and other beds with seemingly small differences in elastic properties 
would give reflections. On occasion, their lack of continuity gave rise to 
serious difficulties, but these were overcome by the application of the dip- 
shooting and the continuous-profiling methods. 

Crhe field of civil engineering has also seen the application of seismic ex- 
ploration in late years. Most foundation problems, such as determination 
of depth to bedrock and investigation of tunnel and dam sites, may be 
attacked by refraction methods. Another application of seismology in 
civil engineering (engineering seismology) has as its objective the design 
of earthquake-proof structures, the determination of dynamic response of 
models of proposed structures, the investigation of damage done by traffic 
and blasting vibrations, the determination of the elastic properties of 
foundation sites, and the analysis of the frequency response of roadbeds, 
bridges, dams, and buildings. A discussion of the fields of engineering 
seismology and of acoustic methods is given in Chapter 12.3 

IL PHYSICAL ROCK PROPEETIES IN SEISMIC EXPLORATION; 
SELECTED TOPICS ON THE THEORY OF ELASTIC 
DEFORMATIONS AND WAVE PROPAGATION 

A. Gener^^l 

The elastic properties of rocks may be ascertained in the laboratory, and 
from such data the velocity of the elastic waves in formations may be 
determined. Direct velocity determinations may be made in the field 
(1) by shooting on exposed formations; (2) by shooting in or near a well 
at known depths (average velocit}’” determinations in reflection work) ; and 
(3) from the travel-time curve. A direct measurement of velocity on rock 
samples in the laboratory has not been attempted. 

Elastic wave-producing forces are associated with two types of strains : 
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(1) volume changes, that is, compression or dilation; (2) shearing strains. 
These two strains propagate in a homogeneous isotropic medium with con- 
stant but different velocities. It is true that geologic formations en- 
countered near the surface and in the interior of the earth are far from 
homogeneous and isotropic. However, this can be allowed for by assuming 
continuous or discontinuous variations of the physical properties and by 
applying the theory to small elements of an elastic substance. The deriva- 
tions given below presuppose, furthermore, a perfectly elastic body, that 
is, a body in which the stress is proportional to the strain (one to which 
Hooke’s law may be applied), and one in which there is no elastic hysteresis. 

B. Elements or Theorv of Ela.stic Deformatiois' and Wave 

Propagation^ 

1. Relation oj strain and stress; elastic properties] volume and shear rfc- 
formniions (static problem). In considering an element of volume of an 


4 



elastic body subjected to stress (Fig. 9-T), its orientation can be so chosen 
that the three stress components X:^ , Yy , and , are at right angles to 
its surfaces, , S,y , and S: . These stress components are known as 
^hiormal” stresses. Two stress components c^xist in each surface at right 
angles to each of the three normal stresses. These compoiu'iits are known 
as ^^tangential” stressc's and are designat('d 2^ , X, ; , X,^ ; and Zy , Y. . 


2 Tliis s<3etion is not intended to go into the details of the theory of elasticity: 
and it has, of necessity, been limited to a discussion of the definition and relation 
of elastic moduli and wave velocities. The literature on tliooretloal physics contains 
numerous valuable treatises on the subject, for instance, L. Page, Tkeoretical l*hysics, 
pp. 132-141, Van Nostrand (1928); A. E. H. Love, .4 Treatise on the Maikemaitcai 
Theory of Masliciiij (2 volumes, Cambridge, 1892-1893); W. Thomson and P. (I. 
Tait, Treatise on Nativral Pkilosophy, vol. TT, chap, vn (Cambridge, 1883). 
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Since the elementary body must be in equilibrium against rotation, the 
tangential stresses in each pair referred to above are equal to one another. 

(a) Normal dresses. Under the influence of the normal stresses 
Yy , and Zz , three sides of the element of volume suffer the displacements 
u in the x direction, v in the y direction, and w in the z direction. Then 
the deformations referred to unit length, or the specific strains, are dn/dXj 
dvf dy, and dwidz. The change in volume AY, resulting from the deforma- 
tions in the three directions, is equal to the sum of the specific strains: 

n. f!:!. 4 . 

V 9a; bij dz 

If © is negative, reduction of volume or compression takes place; if 
positive, extension or dilation. The change in volume is accompanied by 
a change in shape; when the length is extended, the section is reduced. 
In this type of deformation, the angles are preserved. Since the strains are 
proportional to the stresses, the relation between noimal stress and the 
corresponding strain in the x direction may be written^ 


where e is the dilation coefficient. A more customary definition of this 
coefficient may be arrived at by writing 


1 _ X:, ___ P/S 

* dli ^ ^ 

dx I 

where P/S is the load per unit area, S is area, and 1/e is Yoimg^s imdulns: 


E = 


I 


(9-3) 


that is, load per unit area divided by relative elongation. 

The expansion dujdx in the x direction produces a reduction of section 
in the y-z plane. Assuming the reductions in width, dv/^ij and dw/dz, 
to be equal and to be a fraction of and proportional to the elongation, 
we have 


dv _ dw _ du 
dy dz dx 


(9-4a) 


The factor <r is called Poisson's ratio. From eq, (t)-4a), c 


die J d u 
d: f 9 I. 


Assiiniing, for the inoiiioiit, that Xx iUone is eftectirt'. 'Phe ooniplete expres- 
sions are given in eq. (9-6). 
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or as generally ■written, 

= ^/^. (9-4f,) 

a / I 

Poisson^s ratio is the ratio of relative reduction of diancieter d and relative 
elongation. For many substances, a is in the neighborhood of Substi- 
tuting (9“2) in (9-4<z), 


!£=?!? = (9-5) 
By dz 

The original extension in the x direction given by eq* (9-2) is opposed 
by a reduction of the x ~2 section due to the normal stress Yy . By analogy 
with (9-5), this reduction is (du/dx) = czYy . A further reduction takes 
place because of the stress 2;^ , which is aeZz . Therefore, the total specific 
strain is 


= eX. - (TtYy - (jeZ,. 
dx 


Hence, 

the strain in the x direction: — = £[Xx — (r{Yy + Z»)] 

cx 

the strain in the y direction: — = £[Yj; — a{lz + Xr)] 

By 

and 

the strain in the z direction: ^ == e[Z^ — (r(Xa: + Y^)]. 

dz 

Adding these three equations and considering (9-1), 


(9-6) 


© = e[(l - 2^)(X. + + Z.)]. (9-^7) 


Adding to the right side of the first equation of (9-6), and — X^cte, 

the specific strain in the x direction 


du 

dx 


£[X.(1 + a) - a{Xz Hh Y, + Zz)l 


Re-substituting eq. (9-7), 


du 

dx 


x.(i + 0 - 


O’© 

(1 - 2cr)_ • 


e 
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Solving for the normal stress and treating all equations of (9-6) in the 
same manner, 


r © _i_ ^ 

e (1 + a’)(l — 2<r) e(l -f- Sx 


Yv 


(T 0 4 . ^ 

e (1 + 0(1 2o-) e(l -f- a) dyt 


^ 0 , 1 

e (1 + <r)(l — 2c) e(1 +■ c) ^ 2 ? * 




> 0-8) 


The two coetficients in these relations are known as the JLami coefficients: 


crE , E 

“ (1 + cr)(l- 2<r) ^ “ 2(1 -ho-)* 

If Poisson’s ratio is J, ^ = V == W- The quantity is also known as the 
shear or rigidity modulus. 


(9-9) 


These are the fundamental equations expressing the nonnal stresses as 
functions of the volume changes and of the specific strains in the same 
directioiis- 

Eqs. (9 “9) state that the strains produced by normal stresses depend 
on both Qi and y. whereas the tangential stresses, as shown in the following 
paragraph, depend on the rigidity modulus y alone. Eqs. (9-9) indicate 
further that the normal stresses become equal when the rigidity is zero. 
In that case all tangential stresses are zero and the normal stress is the 
hydrostatic pressure. If = Yy = ^ — P in eqs. (9-9), by adding 

eqs. (9-9) and substituting P we obtain 

-3P = 30?^ + 2y0; P = +- fy). ) 




With these coefficients, eq. (9-8) become 


Xjp == 0^ “f” 2y 

Y^ = ea +- 2y 
2. = 0:X + 2y 


bu 

dx 

dy 

dw 

'dz' 


If Oi + fy = /c, then 

p = — or 


O = P/fc - PK. 


> (9-10) 
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The factor k is the incompressibility factor or bulb modulus ; its reciprocal, 
K, is the compressibility. In terms of Yollng^s modulus: 

1 - ^ 

3(1 -2(r)’ 

If Poisson's ratio o- is ib = |E. 

(b) Tangential stresses produce a change in the angles of an elastic body 
and preserve the surfaces. In the x-z plane of an elementary parallelo- 



Fig. 9-2. (a.) Shear deformation by Xz,' (h) shear deformation bv Zxi (c) resultant 

deformation. 


piped, the tangential stresses and Zx produce the strains du and dw 
and the "'shear'’ angles <pL and ? which are related to the stresses by a 
proportionality factor that is the reciprocal of the rigidity, v- Thus, as 
shown in Fig. 9“-2, (p^z ^ ‘tnd <pix ^ Since and 2x 

arc interchangeable, the resultant change of shape is given by 

_ 1 

2^0*2 XsJ 

V 

and, similarly, for the other planes, 

1 

2(pyz = Ya 

V 

_ 1 


(9-11) 
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As dz(pxz = du and dr<pix 


dWj <p^g * 4 “ fPzxs 


du , dw , 
^ -h -j- and 
dz ax 


du . dw 

^<P:cz - — + — 

dz dx 
r. dV , dV) 

-F,+ a 


2<px 


du , dv 
dy dx* 


Combining eqs. (9-11) and (9-12): 




(9-12) 




y (9-13) 


2. Fro'j^agation of deformations] longitudinal and transverse types of uaves 
(dynamie problem). Por simplification of analysis, consider a plane wave 
resulting from displacernonts n in tiie .r direction. Then only the com- 
ponents Xx- , Ya-, and Z,. shown in Fig. 9-1 have to be considered. These 
forces are referred to unit area and therefore their action on the y-z side 
of an elementary parallelepiped is given by expressions of the form 
l^x-dy -dz, or dXa^-ldx-dV. Although the primary deformation is in the 
X direction, deformations in the y and .2 directions result from contraction. 

The accelerations corresponding to these deformations are d^u/df, 
d%/dt\and. d^w/df. Since the force (dX^/da’* (fF) is mass (dF-5, with 5 == 
density) times acceh'ration {d“ii/dt“), the equations for a (plane) vvav'e in 
the X direction are 


- d Jf- ^ dX^ 
ax 

^"af^ ~ dx 

9 ^ 1 /; aZx 

^"df ~ ar* 


!> (9-14) 

) 


la these equations, X*, as given bv formula (9-9), = ^>3. + 2\i 3 i(;'ar. 
© follows from (9-1). Since the initial speeifio strains in the y and c 
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directions are 0, O = du/dx. Hence, + 2|i) du/dx, Y^; follows 

from eq. (9-13). Since the problem is limited to propagation in the 
X direction and the shears in the y and z directions are zero, Ya, = dvjdx 
and Za, = V dw/dx. By differentiation of these components with respect 
to X as required by (9-14), the following equations are obtained: 

d^u + 2v d^u 

dt^ h dx^ 


d^W _ |i d^w 

'W 


(9-15) 


The first equation indicates the gradient of the specific strain du/ Sx in 
the X direction, that is, in the direction of propagation. It is thus the 

expression for a eom'pressional 
and longitudinal ware. The 
second equation gives the gra- 
dient or propagation of the 
shear d^/dx in the x direction; 
and the third equation, the 
gradient or propagation of the 
shear bwjdx in the x direction. 
This applies to a plane wave 
traveling in one direction (see 
Fig. 9-3); however, it can be 
shown that the equations 
here derived also hold for 
space waves. 

Eqs. (9-15) show that the acceleration in a longitudinal wave (or com- 
pression b^njBx) is proportional to (Di 4- /5, while in the second case it 

is proportional to The two last waves are shear waves; they are not 
propagated independently. Figure and equations merely indicate the two 
(z and y) components of the wuve whose relative amplitudes determine the 
plane of ^polarization. 

The proportionality factors in the last three equations may be designated 
by v^, thus: v? — (C\, 2y)/5andVf == -y Then 
d'^vjdt^ = d^w/di' = v] ’d^u/dx^. The velocities of the longi- 

tudinal and transverse waves are, therefore, 

Vt = and Vt = 


z 



Fig. 9-3. Propagation of 1 ongitudinal and shear 
deformations. 


(9-16) 
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When <T — |j X — and Vz/Vt — v^S; that is, the longitudinal wave 
moves faster than the transverse wave. 

The accelerations on the left side of eq. (9-15) may be set in relation to 
the gronnd amplitudes. Since the inertia force, m • d^u/df, must equal the 
restoring force (= force per unit displacement, or spring constant c, times 
displacement), we have = —cu or 



Fio. 9-4. Periodic motion. 


In this equation c/m = w is the angular frequency of oscillation or the 
angular velocity of the motion of a given particle on the circumference of 
the circle of reference (see Fig. 9-4) or 

CO = 27r/, (9-18a) 

where lyT = / is the number of oscillations per second. The solution of 
eq. (9-17) is 

u = Bo sin oot + Co cos u>L (9-186) 

Substituting for the two arbitrary constants, Ao = Bo + C? , sin = Co/ Ao , 
and cos = Bo/ Ao ; 

u = Ao sin (cot ■+ i/') = Ao sin (<^ +• V') = ) - (^)-19) 

in which <p and ^ are phase angles; \j/ = w/o is the starting angle corre- 
sponding to the time to ; and (p = oot h the phase angle at the time i. The 
significance of the constants Ao , Co, and Bo may be obtained from eq. 
(9 -19) by solving for the limits <p ~ 90°, (p = 0°, and <s = 90°. Then, 
Ao is seen to be the maximum amplitude (peak amplitude) ; Co is the initial 
amplitude; and Bo is the amplitude reached within a quarter ptunod 
= 90°) after the start. These relations appear in Fig. 9 4, whose 
right sideshows wave motion plotted against time, while on the left ampli- 
tudes are shown as function of phase angles on the reference circle. 
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3. Earthquake waves. In. the preceding section it was stated that in an 
isotropic elastic body only two types of waves exist; longitudinal and 
transverse waves. While the observed waves are actually longitudinal and 
transverse in character, there are a number of types in addition to the two 
mentioned. There is virtually but one longitudinal wave and several 
kinds of transverse waves. The explanation is that the above theory con- 
siders a volume elenaent within an unbounded elastic solid and is not 
strictly valid for surfaces between media. It is readily seen that the trans- 
verse waves should be the ones to be influenced by such conditions, since 
they have an arbitrary direction of oscillation in a plane at right angles to 
their direction of propagation. This plane should depend, in its orienta- 
tion and other characteristics, on the orientation and elastic characteristics 
of a geologic or physical boundary. 


incideM re/lecM 



Jonpiudino/ 



Tig. 9-5. Wave types on bouiularicf:!. 


When a wave consisting of longitudinal and (.ransv(;rse impuLsos strikes 
a boundary, theoretically no less than twelve new^ wave tyjrcvs ai’e pro- 
duced. As shown ill Fig. 9-5, two refracted (longitudinal and transverse) 
and two reflected waves are produced by the longitudinal wave. The 
same is true for the transverse wave, so that in this manner alone eight 
new waves are accounted for. Further, each wave may generate the Ihove 
wave, Q, which is a special type of transverse wave with its ])lano of 
oscillation in the formation boundary, and th (3 liaylcigh wave, R, which 
is a combined longitudinal and transverse wave with plane of oscillation 
at right angles to the surface and parallel to the direction of the propaga- 
tion. The last two waves are frequently observed at the earth’s surface; 
it is probable that the so-called ^^ground roll” o])served in reflection seis- 
mology is of the Rayleigh type. 

Instead of distinguishing between longitudinal and transverse waves it 
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\Taves. The preliminary waves, or fareruniiers, 
come to a seismic statioa through the interior of 
the earth, while the surface waves, as their name 
indicates, propagate along the earth's surface. 
The forerunners in turn are divided into the lon- 
gitudinal and transverse preliminary^ waves, while 
the surface waves are divided in the same manner 
into the Love waves and the Rayleigh wav’es, named 
after the investigators who first described and 
analyzed them. 

TJsually there are three phases in a long-distance 
seismogram (see Fig. 9-6): (1) the primae, or 
normal longitudinal preliminaries, P; (2) the 
seciindae, or transverse preliminaries, S; and (3) 
the surface waves, L (= longae). Abrupt arrivals 
are designated hy the subscript i (impetus); a 
gradual appearance is designated by e (emersio). 
The P waves, as w’'ell as the S waves, are divided 
into the (1) normal, (2) reflected,^ and (3) 
refracted waves. Alternating waves, mostly of 
the reflected type, are designated hy the letters 
PS or SP, depending upon whether they were 
running first as longitudinal or transverse waves. 
The subscript n denotes the normal preliminaries; 
the subscript c designates waves which have 
passed the core of the earth. Bars above the 
symbols indicate refractions; double lettem, reflec- 
tions. The main part of a seismogram is generally 
divided into (1) the arrival of the surface waves, 
Jr, (2) the maximum, M;and (3) the coda, C. 

An analysis of travel-time curves makes it 
possible to determine the depth of penetration 
of seismic waves in the earth's interior, their 
path, and their velocities along various portions 
of this path. Obviously, only the preliminary 
w’aves can be used for investigations of this 
character. As the longitudinal waves have the 
greatest v^elocity and arrive first, they can be more 
accurately identified and timed than can later 
impulses. Travel- time curves for the directly 
transmitted, for the once and twice reflected,*^ and 

2 Reflected at the surface. 

^ It has been suspected that some unreasonabl}' deep 
reflections recorded in seismic exploration are of a similar 
nature, that is, reflected once at the surface and twice 



Fin. 0-0. Typical long-range earthquake record (distance, 0800 km; Mexican earthquake, April 15, 1907) (after Gutenberg). 
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for the first and second preliminary waves have been published in various 
books on seismology. The time of arrival is not a linear function of the 
distance traveled. The velocity *is not constant but dependent on 
distance and thus on depth of the strata traversed. 

4. Characteristics of waves observed in seismic exploration. In seismic 
exploration one does not have to deal with as many types of waves as in 
earthquake seismology. This fact is due^ first, to the smaller distances 
and shorter time intervals involved; and second, to the fact that not so 
many components are recorded, making it impossible to identify trans- 
verse waves with certainty. It is true that transverse impulses have been 
recognized in records of quarry explosions, but in such cases greater dis- 
tances were involved and horizontal components were also recorded. 

Three types of longitudinal waves are observed in seismic exploration: 
(1) directly transmitted; (2) refracted; and (3) reflected. Longitudinal 
waves transmitted at the immediate surface are rarely observed; vir- 
tually all first breaks, even those recorded close to the shot point, are 
refracted waves. Surface waves arriving at the end of a record are prob- 
ably not simple longitudinal but Eayleigh waves. Their frequency is 
generally low, from 10 to 15 cycles. The frequency of the refracted waves, 
on the other hand, covers a wide band from around 15 to 60 or 80 cycles, 
while the frequency of reflected waves is frequently near 50 and covers 
the range from 30 to 70 cycles. 

C. Laboeatohy axd Field Methods eor the Determination" or 
Elastic Monuii and Wave Velocities 

It w^as shown in the preceding sections that elastic moduli are the 
physical parameters relating stresses and deformations and that the elastic 
wave velocities are functions of these moduli. In the study of the elastic 
behavior of rocks and formations, it is thus possible to attack the problem 
in two ways: (1) by measuring elastic moduli in the laboratory; (2) by 
making velocity determinations directly in the field. Direct velocity deter- 
minations have the advantage that the speed of seismic waves is deter- 
mined in situ, that is, under the natural conditions of moisture, pressure, 
weathering, and the like. Furthermore, unconsolidated formations cannot 
he moved and must be tested in the field. 

Elastic constants may be expressed in various units. Pounds per square 
inch is the unit most frequently used in the testing of construction ma- 
terials in this country. Another technical system uses the atmosphere; 
scientific publications employ dynes per cm^, megabars, and baryes. In 
many articles there is confusion as to the correct usage of the terms bars 
and baryes. In Europe the normal atmosphere and the technical at- 
mosphere (kg per cm^), the dyne per cm^, and kg per mm^ are preferred. 
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TaMe 44 is given to aid ia the conversion of these units. The units based 
upon the acceleration of gravity are referred to its value in 45° latitude 
(980.665 cin-sec“^) by international agreement. 

Although, in the technical system of this coOntry, elastic moduli are 
usually expressed in pounds per square inch, the barye, or dyn cm“^, ^vill 
be used in the following sections, since the parameters expressed in the 
C.G.8. system may be more readily converted into velocities of longi- 
tudinal and transverse waves. Wave speeds are usually given in meters 
or kilometers per second, although in seismic prospecting feet per second 
has been widely adopted. Several of the elastic constants are not inde- 
pendent quantities but may be calculated from one another. If Young’s 
modulus and Poisson’s ratio have been determined, the compressibility 
may be calculated. On the other hand, the compressibility may also be 
measured directly. If the two values differ, it indicates a deviation from 
isotropy and homogeneity. Furthermore, a comparison of values deter- 
mined statically and dynamically in the laboratory, with those calculated 
from velocity determinations, is of value. 

Methods for the determination of elastic constants may be divided into 
laboratory s^nd field methods. The latter are dynamic methods, since they 
involve the measurement of time, while laboratory determinations may 
be either static or dynamic or both. In the static determinations stress- 
strain relations are established, while dynamic measurements are based on 
observations of natural frequencies. Equipment for testing elastic prop- 
erties of construction materials has been developed to a higli degree of 
perfection.'' For the measurement of deformations the following devices 
are used: (1) extensometero, (2) deflectometers, and (3) detrusion melers] they 
may be [a) mechanical, (fa) optical, or (c) electrical. 

Mechanical devices are generall}^ not accurate enough for geophysical 
application. Closest in this respect are some of the more delicate types 
of Ames gauges, for which an accuracy of 0.000025 inch is claimed. 

The simplest optical devices for measuring extensions or deflections, 
microscopes, and cathetometers, are generally not accurate enough for 
rock testing. Rocking mirror arrangements, however, give satisfactory 
results. In the Martens mirror extensometer two rocking mirrors are 
clamped to opposite sides of a specimen. These are rotated Avhen the 
specimen is extended (see Fig. 9-7) and are observed by separate telescopes. 
If the arrangement is so modified (Fig. 9-8) that the light travels from one 
mirror to the other, more magnification is obtained. If A is the distance 
from scale or telescope to the nearest mirror, D their distance a])art, and a 

^ Comprehensive descriptions may be found in J. B. Johnson’s Materials of Con- 
struction, Chapter 11^ John Wiley (1930), and in C. H. Gibbons, Materials Tesimg 
Machines, Instruments Publishing Co. (Pittsburgh, 1935). 
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th€||ObserYed deflection in scale divisions, the deflection angle of each 
mirror is given by 




where A and Z) are expressed in 
scale divisions. ^ To obtain the ex- 
tension of a bar, the angular mirror 
deflection must be multiplied by the 
effective lever arm of the rocking 
mirror. A rocking-mirror arrange- 
ment with a powerful telescope 4.5 
m away from the scale has been 
employed by Zisman. He obtained 
magnifications of the order of one 
million. 

Interference measurements for 
strain determinations have been 
applied in two ways. In the inter- 
ference extensometer of Grneneisen 
(Pig. 9-9), two tubes are clamped 
to the sections whose change of dis~ 
tance is to be measured. The ends 
of the tubes carry two closely 
spaced polished glass disks, between 
which interference patterns are pro- 
duced. If the pattern changes by 



extensometer. 



h ^ 1 

Fia. 9-8. Double mirror reflection arrangement. 


cue fringe width, the coiresponding change in dwtaiice is one-half the 
length of the light employed. 
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Pig. S-9. Extension measure- 
ment by^ interferometer (Gruen- 
eiseii arrangement). 


Another interference method has been 
applied by Eichards® for testing deforma- 
tions of rectangular plates. If such plates 
are subjected to stresses at the ends, they 
will curve not only in the longitudinal 
direction but in the transverse as well (see 
Fig. 9-10). The upper surface of the plate 
or rock slab under investigation is polished, 
and interference patterns, as shown sche- 
matically in Fig. 9-11, are observed 
against a fixed plate. 

The simplest of the electrical devices is 
the wire-resistance type. An L-shaped 
lever arm magnifies the extension or de- 
flection of the specimen. Its end acts as 
the movable arm of a potentiometer which 
may be placed in any of the well-knowa 
bridge circuits to measure resistance or 
potential changes. An arrangement of 
this type is used in Zisman^s compressi- 
bility tester (Fig. 9-13). In the con- 
denser microphone extensometer,^^ small 
variations of distance of two condenser 
plates are converted into changes of ca- 
pacity; in the magnetic gauges®^ the induc- 
tance of iron-core solenoids is varied hy 


changes in position of an iron armature. 
The solenoids may be energized with A.C. 

of intermediate fre- 
quency and may be used 
in any one of the well- 
A\\\ y//// known inductance 



Fig. 9-11. Pat- 


known inductance Fig. 9-10. Longitudinal and 

transverse curvature of bent 
bridges. Fig. 9-12 shows plate. 

a Westinghouse extens- 

ometer, which, for slow deformations, may be operated 
from a 60 cycle current source. 


®T. C. Richards, Phys. Soc. Proc., 45(1) (246), 70-79 (Jan. 
1, 1933). 


terns of interfer- W. A. Zisman, Proc. Hat Acad. Sci., 19, 653, 666, 680 (1933). 

eiice fringes of rock detailed discussion, of capacitance strain gauges, with 

slab when bent as literature, is given on pp. 931-932. 

in Fig. 9-10. Inductance gauges are discussed further on. pp. 932-933. 



Chap. 9] 


SEISMIC METHODS 


457 


1 . Laboratory methods, (a) Static determinations involve measurements 
of stress-strain relations, utilizing tension, compression, bending, or torsion. 

Tension and contraction tests: Samples are used in the form of long bars 
or drill cores in any of the Olsen, Riehld, or Emery machines. The strains 
may be measured by rocking-mirror devices, interferometric gauges, or 
condenser-microphone attachments. The contraction is obtained by 
means of a lever device measuring the reduction in diameter vdth tvo 
contact arms, provided with mirror magnification. From the load P, the 
area S, the original length I, and the change in length 
Al, Young’s modulus may be calculated: 


Poisson’s ratio is: 


S M 


Ad 

Z 

Ad' 

I 


[9-3] 


== — 


[9-4b] 



Fig. 9-12. Westing- 
Louse magnetic strain 
recorder. {0, oscillo- 
graph; R, rectifier; P, 
potentiometer.) 


These two constants are sufficient for isotropic media 
to calculate all other elastic coefficients and, together 
with the densities, the velocities of the longitudinal 
and transverse waves. 

Compressibility tests: Although the compressibility 
may be calculated from Young’s modulus and Pois- 
son’s ratio, it is preferable to measure it separately. 

For most compressibility tests the sample is used 
in some liquid which is compressed in a strong steel cylinder. A correction 
must be applied for the expansion of the steel cylinder and for the compres- 
sion of the liquid. Bridgman used chrome-vanadium steel for the cylinder; 
Adams used 7?.-butyl-ether for the liquid. A simple way of determining 
the volume change is to measure the movement of the piston compressing 
the liquid. The distance the piston should move if the Equid alone were 
in the cylinder may be calculated from the dimensions of the steel cylinder 
and the compressibility of the liquid, or it may he measured directly. 
Since the volume of the sample is also reduced, the diSerence of the piston 
movement without sample and the movement ^vith sample gives the 
volume reduction AF of the specimen. Then the compressibility, 
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The piston displacement is measured by one of the optical or electrical 
methods described before; the pressure P is read (Adams)®^ on a resistance 
pressure gauge meter immersed in the liquid. Other investigators have 
used the reduction in length of the specimen for a determination of the 
cubic compressibility. They measured the pressure of the liquid with a 
manometer and determined the reduction of length of the specimen by a 
contact bar whose motion was magnified by optical or electrical means. 
Amagat carried this rod outside the pressure cylinder and measured its 
displacement optically; Bzidgman magnified its movement by a lever arm 
acting as the movable arm on a potentiometer; Zisman used the arrange- 
ment shown in Tig. 9-13 with the transmission meehanism enclosed in the 
pressure bomb. If M is the reduction of length of the specimen, the 

linear compressibility may be reduced to the 
cubic compressibility , since 


spnn^i 



IP' 


(9-21) 


Because of the many variables and correction 
factors entering into such compressibility 
tests, it has become general practice to use an 
iron cylinder of known compressibility as a 
reference standard. Considerable magnifica- 
tion (of the order of one million) is required to 
measure changes of length accurately. 

Bending (transverse) tests: These tests may 
be divided into two groups. In the first, 
Young^s modulus alone is determined; in the 
other, both Young’s modulus and Poisson 
ratio are obtained. Tests in the first group 
are made with bending (beam testing) ma- 
chines. Rock specimens in the form of slabs are clamped on one end 
or supported on knife edges on both ends. The last procedure is not 
so favorable as the first because the deflection is only of that ob- 
served at the free end of a clamped beam. Deflections arc mea- 
sured optically by mirror devices or by condenser- micro phone ar- 
rangements. If J is the moment of inertia of the beam section 


Fig. 9-13. Zisman's resist- 
ance extensometer for com- 
pressibility tests. 


®^F. D. Adams and E. G. Coker, Pub. No. 46, Carnegie Inst., 190G;Gerl. Beitr., 
31, 315-321 (1931). L. H. Adams and R. E. Gibson, Proc. Nat. Acad. Sci., 12, 275 
(1926), 16, 713 (1929). L. H. Adams and E. D. Williamson, J. Frank. Inst., 196, 
475-529 (1923). L. H. Adams, E. I). Williamson, and J. Johnston, J. Am. Chem. 
Soc., 237, 7-18 (Jan., 1939). 
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under test and if its deflection is d with the load P concentrated at 
its end, 


1 ^' 

3EJ‘ 


(9-22a) 


Since the moment of inertia J = a^b/12 for a rectangular ‘section, and 
J = rV/4 for a circular section, the deflections are: 

4:fP 

(I = — ^ for a rectangular section, (9-225) 

Ea6 


where h = breadth, a = thickness, and 

4 fP 


d = for a circular section. 

3 Er T 


(9-22c) 

If the specimen is supported on either end by knife edges, the deflection 

Hence Youiig^s modulus 

1 fP 

E = for a rectangular section and 

4 a^bd 

1 fP 

E = — for a circular section. 

12 T^wd 


Deflections may be measured with two mirrors fastened to the ends of 
the specimen, if the light is reflected from one to the other, the angle is 
given by eq. (9-20), and Young’s modulus 


£ 


3_^ _P_ 
4 a% tan <x 


(9-23) 


Eq. (9-22d) holds for beams supported on knife edges; for fixed ends the 
factor is instead of 

By the second group of flexure tests, both Young’s modulus and Poissoifs 
ratio are obtained. A slab is (nit from the roc*k under iiive.stigation, sup- 
ported on either end by knifl^ edges, and a load is iipplied on the extn'uu' 
ends, outAvard from the supimrtiiig knife edges (st^e Eig. 9 10). Both 
longitudinal and transv^erse strains are measuivd with an iiilerferomt'ter. 
The top of the roek slab is polished, and a plane-pa mil el glass plaU* Is laid 
(m top of it. Interfermice fringes resulting from the bending of ilu' beam 
are observed or photogratdiKl. A diagram of th<‘ apparatus has been 
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giyen Toy Richards.^ Poisson ratio follows from the angle of spread of 
the asymptotes of the fringe hyperbolas (see Fig. 9-11), (r = tan^ a. The 
curvatures in the longitudinal and transverse directions may be determined 
from the fringe patterns, according to the relation 



C = dXtt/c^ , 

(9-24a) 

wliere C is the curvature) X the wave length of the interferometer light, 
n a given number of the fringe used to calculate C, and is the distance 
apart of the vertices of the nth pair of fringes. The ratio of the curvatures 
is Poisson’s ratio, 


II 

b 

(9-24[>) 

and Young’s modulus 

3D 1-/ 

2h}i^Ci 1 + 

(9-24c) 

where 6 = width, D = couple, and 2h = thickness. 



Torsion tests: For static torsion tests, the specimen is clamped in a hori- 
zontal position, and a twist is applied to one end in a torsional testing 
machine. The torsion of two sections with respect to each other is ob- 
tained by a detriision meter provided with mirror multiplication. Since 
the torsion tests furnish the modulus of rigidity, and since Young’s modu- 
lus may be obtained from extension tests, Poisson’s ratio and all other 
desired constants may be calculated. The angle of twist between two sec- 
tions of a bar separated by the length I is 


J>1 





(9-25a) 


where D is the rotational couple and Jp the polar moment of inertia. 
Hence, the modulus of rigidity for a round bar with the radius r is 


y=— (9-25&) 

<P T ‘n 

(with p = radius of gyration, P = force), when the angle p is expressed 
in degrees. 

(b) Dynamic laboratory tests. Elastic constants of rocks may be deter- 
mined from the natural frequencies of their transverse, torsional, and 
longitudinal vibrations. All these determinations are comparatively 
simple, since only one parameter, time (or its reciprocal, frequency), is 


^ Loc. cii. 
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involved. The procedure is to drive the specimen with impulses of con- 
tinuously varying frequency until maximum amplitude is obtained, Vith 
suflBcient accuracy, this resonance frequency may be considered equal to 
the natural frequency. Measurements of a complete resonance curve give 
interesting information on the damping within the specimen. 

Transverse vibration tests: These tests’^'^' are the dynamic equivalent of the 
tests referred to on page 459. They may be applied to bars supported on 
one end or on both ends. As was stated in connection with eq. (9-17), 
the natural frequency coo of an elastic system oscillating with the load 
m is given by 


where the spring constant, or force per unit deflection P/d, 

_ iEbc^ 


(9-26b) 


for a bar clamped on one end. For slabs suspended between two points? 
similar relations may he worked out from the formulas previously, given 
for the static deflection. 

The above relations hold only if the mass may be considered as concen- 
trated on one end. The transverse frequency of unloaded bars clamped 
on one end is given by 


and 


Wo 




(for the circular [radius r]) 




2V3 


(!)Vf 


(for the rectangular) 


> (9-26c) 


sections, a being the dimension of the side in the plane of oscillation. For 
the fundamental, n is 1.875; for the first harmonic, 4.694; -\/E/5 is known 
as the ‘^bar’^ velocity (see eq. [9-29a]). 

Torsional vibrations: The specimens under tests are suspended in a ver- 
tical position and are loaded with a disk whose moment of inertia K is 
known or may be determined. This method is well adapted to long-drill 
cores. The general relation for the period of a torsional system is T = 
27r 'y/Kll^Jp , where I is the length of the specimen and Jp the polar 


Grime, Phil. Mag,, 120, 304 (1935), 123, 96 (1937). W. H. Swift, Phil. Mag., 
2, 351-368 (lug., 1926). 
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momeat of inertia (It/ for a round bar). Hence, the modulus of rigidity 
for a round bar 

V = (9-27) 

For a round disk attached as a revolving mass, the moment of inertia is 
K = l/m (p = disk radius). 

The torsional frequency of a specimen and thus the modulus of rigidity 
may also be determined® by a resonance method analogous to the one 
described in the next paragraph. In a drill core, a saw cut is made on one 
end and a strip of iron is fastened rigidly in it. This strip is placed 
between the poles of two electromagnets. An identical arrangement is 
provided at the other end of the specimen. The electromagnets on one 
side are excited by a variable-frequency oscillator, while those on the other 
side are connected to an amplifier and rectifier meter. 

The torque produced on one end is transmitted to the other. Its ampli- 
tude is greatest when the natural torsional frequency of the specimen 
coincides with the driving frequency. A bar clamped at its center has a 
node at that point so that its length I is one-half the wave length. Since 
the toi'sional wave velocity is \/|i/5 and is equal to the product of wave 
length and frequency, 

(9-28) 

where /o represents natural frequency, I length, and v the rigidity modulus 
as before. 

Loyigitudinal vibrations: The specimen, preferably in the form of a rod 
or drill core, is arranged horizontally, clamped at its center, and excited 
to oscillate horizontally. This may be done by attaching a piece of iron 
to one of the faces and by exciting this end with an iron-core solenoid 
supplied with current of variable frequency. A better arrangement is to 
attach a light coil to each side of the specimen, each coil being suspended 
in the field of a dynamic speaker (Fig. 9-14). One coil is supplied with 
current of variable frequency and thus drives the specimen. In the other 
coil, currents are induced which depend on the frequency and amplitudf^ 
of motion of the other end. Resonance is again dote^rmined l)y maximum 
amplitude.^ 

Another way of setting the specimen into oscillation is by electrostatic 
coupling. Fig. 9-15 shows an arrangement proposed by Idc®" for such oh- 

** J. M. Ido, Geophysics, 1(3), 349 (Oct., 1936). 

B- E. Weatherby and L. Y. Taiist, A.Y.P.G. Bull., 19(1), 12 (Jam, 1935). 

M. Ide, Proe. Nat. Acad. Sci., 22, 81, 482 (1936); llev. Sci. Instr., 6, 296-298 
(Oct., 1935) ; Jour. Geol., 46, 689-716 (Oct., 1937). 
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servatioHS. The oscillations of the speci- 
men are picked np by a piezo-electric crys- 
tal cemented to the specimen (or by a sepa- 
rate microphone), are amplified and read on 
an output meter. 

Longitudinal ‘^bar’’ vibrations do not de- 
pend on Poisson’s ratio; their ‘velocity is 
given by 

Vii = ,^1 . (9-29a) 

Since, as before, for a bar of the length Z, 
Z = JX and v == X/i , the longitudinal bar 
velocity 

vu = 21 fo . 



electromagnetic determination 
of natural bar frequency (after 
Weatherby and Taust). (B, 
bar; ikf, magnet; C, coil; 0, os- 
cillator; S, supporting knife 
edge; A, amplifier; m, meter; 
r, rectifier.) 


(9-29b) 


Methods for determining damping from resonance curves are discussed 
on page 481. 

Rebound observations: Elastic properties of rocks may be determined by 
observations of physical parameters related to the rebounding of a steel 
ball dropped from a given height. Two methods have been used: (1) 
measuring the size of the imprint, and (2) measuring the height of 
rebound,^® 

If a steel ball of radius pb , mass nzh , Young’s modulus E& (= 22*10^^), 
dropped from a height H on the rock whose surface is blackened, leaves an 
imprint of the radius r, then Young’s modulus of the rock is given by 


1 _ 16r" 1 

E 13, 5mb2gHpl Eb' 


(9-30) 



Pig. 9~15- Apparatus for cloetrosUitic 
determination of natural bar frequency 
(after Ido). (0, oscillator; C, con- 
denser; D, dielectrie; F, foil; B, base 
plate; V, polarizing voltage ; aS', speci- 
men; Cr, crystal;. 4, aniplifieT; M, out- 
put meter.) 


If a steel ball is dropped from a 
height H on the rock surface and re- 
bounds to the height h (see Fig. 9- 
15), the so-called 'h'esto ration” coeffi- 
cient is 

(9-31) 

^rhee.Yiict rdatkjri l)et\vecii tlu' iwsto- 
ration eoefiieient and Young's modu- 
lus has not Ikuui (Lfinit(‘ly dettu- 

J. Kuess, Union CU.-od. aiui (ieopiiys. 
Interna t. .Vssoc. Seisin. Ser. A, Trav. Sci., 
Fasc., 13, 8-60 (1935 U 
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mined. Roess established an empirical relation (Fig. 9-17) by determin- 
ing both q and E for the same rocks by the two methods described above. 

Rebound observations are applicable only to fine-grained materials. If 
the ball hits a large mineral grain, the elastic coefficient of the grain and 

not that of the aggregate is obtained. 
Another difficulty arises from the fact that 
the surface constitution of the rock must 
not deviate from the composition of its in- 
terior; otherwise the restitution coefficient 
would express surface conditions only. As 
a matter of fact, rebound observations are 
used in the metallurgy of steel for hard- 
ness determination. 

2. Field methods (velocity determinations ) . 
Field determinations of horizontal velocities 
are made by measuring the time interval 
which elapses between the firing of a shot 
and the arrival of the longitudinal or 
transverse energy at the location of a de- 

PiG. 9-16. Eecord of steel ball 
rebounding from surface of mar- 
ble slab (after Boess). shot point may he used with a number of 




Tig. 9-17. Young’s modulus E as a function of restoration coefficient {q) for some 
homogeneous rocks, (lumbers refer to tabulation of rock specimens, pp. 11 and 
12, Roess’ article.) (After Roess.) 

detectors, and the latter may be moved when one spread is not sufficient 
to cover all desired distances. Another method is to leave the detectors 
at their places and to move the shot point. In practice, the application 
of this method is not quite so easy as it may appear. Errors of instru- 
mental and geologic nature occur. The former arise from (1) inaccuracies 
in the determination of the exact instant of the shot, (2) errors in the tim- 
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ing device, and (3) errors in timing the impulses in the record. The shot 
instant may he transferred to the recorder by wire or radio. For short 
distances this method is generally not accurate enough ; an insensitive 
seismograph near the shot point is preferable, as it will record the actual 
time when the energy is impressed on the ground. 

Errors in the timing device can generally be kept down sufficiently to 
make possible time determinations with an accuracy of 1 in 10,000 if 
necessary. The ‘ timing’ ^ of the impulses in the record is generally the 
most difficult part of the problem (as seen in some of the records published 
by Weatherby, A.A.P.G-. Bulk, Jan. 1934). Unless the sharpness of the 
first impulses can be improved, there is no object in increasing the accuracy 
of the timer and shot instant transmission to more than of a second. 
When a number of seismographs are used, it is necessary to balance their 
phase shifts and to determine the corresponding parallax corrections. 

More serious than these instrumental difficulties are geologic factors 
which often make it difficult to determine reliable velocities. The surface 
of the rock whose wave speed is to be determined must be free from cover 
and reasonably un weathered so that true velocities may be obtained. It 
is, of course, possible to obtain velocities of inaccessible layers from the 
travel time curve. However, these velocities are true velocities only if the 
layers are horizontal. Dip may be eliminated hy shooting the profile up 
and down dip. 

Vertical velocity determinations through formation (that is, generally at 
right angles to the bedding planes) are made in connection with weathered- 
layer-correction shooting in shallow (25 to 150 foot) holes and in connection 
with average-velocity determinations in deep wells. For the latter a de- 
tector is lowered into the well to various depths and shots are fired either 
near the well or at a distance corresponding to one-half the general spread 
distance, to simulate the direction of the ray in its travel to or from the 
reflecting bed. By means of the travel time to various depths, the average 
velocity from the surface to the formation in question or the differential 
velocities between strata are calculated. This method is discussed further 
in Chapter 11. 

Tables 45 through 55 list the elastic moduli and wave velocities for the 
more important minerals, rocks, and formations. In Table 45 are listed 
the elastic moduli of minerals, and in Table 46 are given elastic moduli of 
igneous, metamorphic, and sedimentary rocks.^^ Table 47 shows velocities 
of longitudinal waves for the formations nearest the surface, particularly 
the weathered layer; Table 48, the longitudinal wave speeds for alluvium 
and glacial drift; Table 49, the longitudinal wave velocities for sands, 

Largely after Adams, Adams and Gibson, Adams and Williamson, Zisniaii, 
Richards, Don Leet, Born and Owen. 
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clays., and marls; Table 50, those for sandstones and shales; Table 51, the 
velocities in limestones, anhydrite, salt, and the like; and Table 52 repre- 
sents longitudinal velocities for igneous and nietamorpliic rocks. A num- 
ber of selected values for transverse waves are given in Table 53. Table 54 
shows some values for Rayleigh weaves, and Table 55 contains vertical 
velocities, that is, longitudinal velocities determined by measuring travel 
times at right angles to the bedding planes in wells. 
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Table 45 

ELASTIC MODULI OE MINEEALS 
(at atmosplieric pressure) 


Minbbal 

COMPEESSIBirilTY X 10^® 

Young’s Modulus K 10"^* 

Feldspar: 



Orthoclase 

1.68 

8.23 

Pyroxenes d AmpHboles: 



Augite i 

1.07 

(13) 

Olivine 

0.85 


Mica: 



Phlogopite 

2.34 

5.90 

Other Miner ah: 



Quartz 

' 2.70 

5.12 

Pyrite 

0.71 

19.5 

Magnetite 

0.54 

25.2 

Calcite 

1,39 

9.90 

Gypsum 

2.5 

5.51 

Rock salt 

4.12 

3.35 

Ice 

13.7 

(1) 


Table 46 

ELASTIC MODULI OF BOCKS 


Rock 

Locality 

IWKSTIGATOR 

COMPBESSl- 
BIUTY X 10“ 

Young ’8 Moou- 
nus X 10-11 


Igneous Rocks 

Quincy granite 

Massachusetts 

Leet 

2.28 

4.3 

Tishomingo granite 

Oklahoma 

Born & Hard- 

1.93 

3.29 (field) 



ing 


4.55 (lab.) 

Diorite 


Adams d Wil- 

1.62 




liamson 



Gabbro 


u 

1.28 

10.8 

orite 

Ontario 

Zisman 

1.65 

8.05 

Extrusives 





Andesite 


Adams & Gib- 

4.3 

6.9 



son 



Diabase 

Maine 

Zisman 

1.45 

10.2 

Basalt 


Adams & Gib- 

1-36 

10.15 



son 



Volcanic Glasses 
Obsidian 


u 

2.86 

(4) 


Metamorphic Rocks 

Quartzitic slate (Ar- 

1 

Adams &: Gib- 

2.08 i 

6.55 

chean) 


son 

i 

3 .28 

Gneiss 


Zisman 

2.07 ! 

Chloritic slate 


Adams &: Gib- 

1.97 

7.0 



son 



Quartzite (Triassic) 


It 

1.88 

7.34 

Graywacke (Devo- 


ik 

1.82 

7.5 

nian) 
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ELASTIC MODULI OF EOCKS 


Rock 

Locality 

IWESTIGATOa 

COMPEESSI- 
BILITT X 1012 

Young’s Modu- 
lus X 10-11 


Sedimentary Rocks 

Sandstones 







Sandstone (Triassic) 


Adams & Gib- 

13.5 


1.02 



son 





.Sandstone (Tertiary) 


(t 

8.35 


1.65 

Weathered sandstone 

California 

Heiland 



0.26 

(Tertiary) 







Limestones and 







Anhydrite: 







Limestone 

S. W. Persia 

Richards 

2.99 


5. 3-5. 5 

Limestone (Devo- 


Adams & Gib- 

1.70 


8.15 

nian) 


son 





Anhydrite 

S. W. Persia 

Richards 

1.69 


r. 2-7.4 


Unconsolidated Formations 




Rigidity 

Young’s 

Poisson’s 

Ratio 

Rock 

Locaxity 

Investigatoe 

Modulus 
X 10-11 

Modulus 

X 10-11 

Overburden (river de- 

Los Angeles, 

Heiland 

0.010 

0.030 

0.45 

posits) 

Calif. 






Loess (dry) 

Leine Valley, 

Ramspeck 

0.011 

0.033 

0.44 


Germany 






Gravel 

Werra Valley, 


0 .0059 

0.017 

0.47 


Germany 







Tables 47-52 

VELOCITIES OF LONGITUDINAL WAVES 


Table 47 

WEATHERED SURFACE LAYER, AIR, WATER 


Pobmation 



Locality 

Investigator 

Longitudinal Wave Velocity 




m./sec. 

ft. /sec. 

Weathered surface 
layer (Pleisto- 

E. Alberta, 
Canada 

Heiland 

169-305 

555-1000 

cene) 





Dry surface sands 
Air 

California 

H ie ber 

330 

330.8+0. 66 1“ 

1083 

1089 + 0.22P« 

Weathered layer 

E. Colorado 

Pugh 

335-1690 

1009-5545 

Loess 1 

1 

Jena, Germany 

Aleisser <& ^ 

Alartin 

375-400 

1230-1312 

Dry surface soil 

California ^ 

Rieber 

600 

1969 

Weathered surface 

Oklahoma 

Goldstone 

610 ; 

2000 

rocks 





Loam (wet) i 

Australia 

Edge & Laby I 

761 

2497 

Water (fresh) 



1435 ' 

4708 

Water at 14°C. at 

Germany 

Eeuerman 

1475 

4840 

20 ni 





Water (sea) 

« 

i 

1480-1490 

4856-4889 
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Table 48 

ALLUVIUM, DILUVITJM-GLACIAL DRITT 


Formation 

Locauitt 

Investigator 

Eongithdimal Wave Velocitt 




m/sec. 

ft./sec. 

Alluvium 





Alluvium 

Spain 

Sineriz 

550-650^ 

1805-2133& 

Tertiary alluvia 

Str. Gibraltar 

Devaux 

800-1500 

2625-4921 

Alluvium 

Diaz Lake, 
Calif. ■ 

Gutenberg 

900 

2953 

Alluvium 

Owens Valley, 
Calif. 

Buwalda & 
Wood 

1000 

328D 

Alluvium at depth 

Spain 

Sinerizj 

1100-2S60 

3609-7743 

Diluvium 




Diluvial sands 

Sperenberg, 

Germany 

Reich k 
Schweydar 

855-1011 

2805-3317 

Diluvial sands 
(wet) 

Kummersdorf, 

Germany 

Reich 

1430 

4692 

Diluvial sands 
(wet) 

San Joaquin 
Valley, Calif. 

Richer 

1650-1950 

5414r-6398 

Glacial Drift 





Glacial drift 

E. Alberta 

Heiland 

484-508 

1588-1667 

Glacial drift 

N. Germany 

Barsch. & 
Reich 

iroo 

1 5578 


Round figures such as these indicate values by investigator. 

^ These figures are the equivalent in feet (from conversion tables). Investigators in countries using, 
metric systems usually give velocities in m .sec.”^; those in countries using the English system, in ft.. sec.”* 


Table 49 

SANDS, CLATS, MARLS 


Formation 


iNVESTiaATOR 

m/sec. 

ft. /sec. 

Sands and Clays 

Dune sand 

Denmark 

Brockamp 

500 


Cemented sand 

Australia 

Edge & Laby 

852-975 

2795-3200 

Sandy Clay 

tt 

£ ( 

975-1160 

3200-3806 

Pure sands 

Gibraltar 

Devaux 

lOOO 

3280 

Cemented sandy 

Australia 

Edge (fe Laby 

1 160-1280 

3806-4200 

elay 

Clayey sands 

Gibraltar 

Devaux 

UOl) 

4593 

Miocene sands and 

N. Germany 

Reich 

1600-1700 

5250-5578 

clays (wet) 

Oligocene clays 

Jiieterbog, 

Germany 

Angeiilieister 

1900 

6234 

Marls 

Eocene marls 

N. Germany 

Reich 

ISUO 

5966 

Marl 

Gibraltar 

Devaux 

2000-2500 

0562-8202 

Marl 

Spain 

Sineriz 

2O0O-SS0O 

6562-12467 

Eocene marls 
Calcareous marl 

Gibraltar 

Soain 

Devaux 

2400 

7874 
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Tablb 50 


SANDSTONES AND SHALES 





1 LoNGITXTDINrAlj WaVE VEIiOCITT 

Fokmation 

LOCAIsITT 

Investigator 



m/sec. 

ft./sec. 

Ribstone Creek 

E. Alberta 

Heiland 

931-1130 

3055-3708 

sands toae (Up- 
per Cretaceous) 





Tertiary sands & 

Los Angeles 

Wood & 



shales 

Basin 

Richter 



0-200 m 



lOOOi: 

3280± 

200-a20 m 



1900 

6234 

320-860 m 



2100 

6890 

860-1650 m 



2900 

9514 

1650-? m 



3500 

11483 

Sandstone 

Gibraltar 

Devaux 

2000 

6562 

Middle Bunt sand- 

Jena, Germany 

Meisser & 

2000-2800 

6562-9187 

stone (Triassic) 


Martin 



Pennsylvanian 

OMahoma 

Goldstone 

2130 

6989 

sandstone, 
shales, and limes 





Sandstone con- 

Australia 

Edge Laby 

2400 

7874 

glomerate 

Upper Miocene (in 

Texas Gulf 

Barton 

2400-2700 

7874-8858 

part) 

coast 




Middle Eocene 

Gulf coast 

u 

42O0=k 

13780±: 


Table 51 


LIMESTONE, GYPSUM, ANHYDKITE, CHALK, SALT 





1 Longitudinal "Wave Yblocitt 

FORWATIONf 

Locality 

Investigator 



m/sec. 

ft./aee. 

Limestone 

Island of 

Ceccaty & 

1,000-1,103 

3,280-3,619 


Djerba 

Jabiol 



Cretaceous lime- 

Prance 

Maurin & 

2,140 

7,021 

stone 


Ebl5 



Carboniferous 

N. Germany 

Barsch <fe 

3,000-3,600 

9,841-11,812 

limestone 

Reich 



Gypsum 

Spain 

Sineriz 

3, lOO 

10,171 

Soft limestone 

Gibraltar 

Devaux 

3,200-3,600 

10,500-11,812 

Gypsum 

Spain 

Sineriz 

3,350-3,600 

10,991-11,812 

Limestone'* sur- 

Locations in 

Weatherby & 



face velocities 

Miss., La., 
Tex., N. 

Paust 



Cretaceous (Ed- 

Alex., Okla., 

n 

3,352 

11 ,000 

wards) 

Kan., Colo., 


Pennsylvanian 

and Penn. 

ct 

4,572 

15,000 

(Belle City) 
Mississippian 

11 

(4 

12,500 

3,810 

(Mayes) 

Devonian 

u 


14,000 

4,267 

(Hun ton) 




“ These velocities may be in error as much as 305 m./sec. (or lOOO ft./sec.) because of surface ■weathering 
and erosion. 
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Poem ATI ON 


Localitt 


Ordovician (Viola) Locations in 


Cambro-Ordo- 
vician (Ar 
buckle) 


Miss., La. 
Tex., N. 
Mex., Okla. 
Kan., Colo, 
and Penn. 
Spain 


Anhydrite 
Zechstein gypsum Sperenberg, 
Germany 

Arbuekle lime- Tishomingo, 
stone (Cambro- Okla. 
Ordovician) 


Sineriz 

Schweydar 

Reich 

Weather by, 
Born, & 
Harding 


Pennsylvania Ewing 


Denmark 

Texas 

Texas 


Brockamp 

Barton 


Leesport lime 
C hoilfc 

Chalk 

Pecan G-ap chalk 
(Cretaceous) 

Chalk (subsur- 
face) 

Austin chalk (Cre- Texas 
taceous) 

Austria 

Salt 

Salt in 710 m depth Rhoen, 

(= 2,300 ft.) many 

Salt and anhy- Jueterbog, Ger- Angenheister 
drite (Triassic) many 
Rock salt of domes Texas 
Salt beds 
Salt beds 
Salt beds 
Salt beds 
Salt beds 
Salt beds 


Ger- 


Brockamp 

Meisser 


Barton 

Sineriz 


I Investigator 

Longitudinal Wave Velocitt 

-I- 

na/sec. 

ft./sec. 

Weatherby &: 

5,090 

16,700 

Paust 

1 

5,303 

17,400 


3,400-4,400 

3,500 

4,090 across 
bedding 
plane 

5,320 along 
bedding 
plane 
6,400 


11,155-14,436 

11,483 

13,430 


3,000-3,600 

3,020-4,200 

1,600-4,200 

4,200 

4,450 

4.500 

4,720-5,200 

5,000-7,000 

5,300-6,300 

5.500 

5 ,500-5, 900 
5,700-6,950 
6,200-7,700 


17, 430 

20,998 

7,218 

9,843-11,812 
9,908-13,780 
11,812-13,780 
13,780 
14, 600 
14, 765 

15 , 486-17, 060 
16,405-22,067 
17,388-20,070 
18,045 

18,045-19,358 

18,702-22,803 

20,342-25,264 
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Table 52 

IGNEOUS12 AND METAMOEPHIC EOCKS 





Longitudinal Wave Velocity 

TORMA-TEON* 

liOCAXITr 

Invbstiqatob 



in/sec. 

ft./see. 

Igneous Rocks 
Granite 

Gibraltar 

Devaux 

4,000 

13, 124 

Tishomingo gran- 

Tishomingo, 

Weatherby, 

4,570-5,230 

14,880-17,150 

ite 

Okla. 

Born, & 
Harding 



Roane granite 

Denmark 

Brockamp 

4,800 

15,749 

Quincy granite 

Massachusetts 

Leet <& Ewing 

4, 960=1= 20 

16,273db 66 

Westerly granite 

it 

ti 

5,000=t 40 

16,405± 131 

RocLport granite 

it 

tt 

5,080=1= 10 

18,667± 33 

Granite 

Yosemite Val- 

Gutenberg, 

5,100-5,400 

16,733-17,717 


ley, Calif. 

Buwalda, <fe 
Wood 



Rockport granite 
‘^Gestreifter’^ 

Massachusetts 

Leet 

5,140 

16,864 

Denmark 

Brockamp 

5,150 

16,897 

granite 

Igaeous basement 

Venezuela 

Allen 

5,460 

17,914 

Crystalline rock 

Gibraltar 

Devaux 

5,600 

18,045 

Granite 

Australia 

Edge & Laby 

5,630 

18,472 

Granite facies 

San Gabriel 

Wood Rich- 

1 5,670 

18,603 


Dam to Pasa- 
dena, Calif. 

ter 



Igneous basement 

Venezuela 

Allen 

6,510 

21,359 

(not defined) 




Granodiorite 

Australia 

Edge & Laby 

4,670 

14,993 

Basalt 

California 

Rieber 

3,600 

11,811 

Metamorphics 


1 

Crystalline gneiss 

Alabama Hills, 

Gutenberg, 

3,100 

10, 170 

and schist 

Calif. 

Buwalda, &; 
Wood 



Hard slate 

Australia 

Edge <& Laby 

3,200-3,500 

10,500-11,483 

Hornfels slate 

It 

it 

3,500-4,420 

11,483-14,501 

Green slate 

Denmark 

Brockamp 

4,000 

13, 124 

Slates (Cambrian) 

Spain 

Sifieriz ! 

4,500-5,000 

14,764-16,405 

Slate and quartz- 

]Y. Germany 

Barsch & 

5,000 

16,405 

ite 


Reich 1 


Massive gneiss 

Spain 

Siheriz | 

5,150-7,500 

16,896-24,606 


52 Rock types arranged in order of decreasing acidity. 


Table 53 

ELASTIC VELOCITIES OF TIUNSYERSE WAVES 


Fobmation 

Local-ity 

Investigator 

Transvejese Wave VELOCiry 




ID/sec. 

j ft. /sec. 

Tishomingo gran- 
ite 

j Tishomingo, 

1 Okla. 

Weatherby, j 
1 Born, & 

2, 130-2,420 

I 7,000-7,050 

Rockport granite 

Massachusetts 

Harding 

Leet 1 

2,700 

i 8,858 
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Table 63 — ConcMed 

ELi^LSTIC VELOCITIES OF TRANSVERSE WAVES 


Formation 

Locality 

Investigator 

Transverse Wave Velocity 

m/sec. 1 ft /sec. 

Basement rocks 

California 

Wood & Eich- 
ter 

3,250 

10,663 

Sudbury norite 

Ontario 

Leet 

3,490 

1 11,459 

Limestone 

S. W. Persia 

Richards 

2,710-2,800- 

2,930 

: 8,890-9,186- 
' 9,613 

Leesport lime 

Penasylvania 

Ewing 

3,250 

10,695 


Table 54 

RAYLEIGH WAVE VELOCITIES 


Formation 

Locality 

Investigator 

Transverse Wave Vblocitt 

m/sec. 


Ov'erburden'^ 

Los Angeles, 
Calif. 

Heiland 

198 

650 

Gravel® 

Werra Valley, 
Germany 

Ramspeck 

180 

590 

Loess"* 

Leine Valley, 
Germany 

« 

260 

860 

Sediments (allu- 
vium) 

Ventura Basin, 
Calif. 

Gutenberg, 
Buwalda, t 
Wood 

330 

t 

1083 

Sediments (allu- 
vium) 

Los Angeles 
Basin, Calif. 

Cl 

550 1 

1805 

Limestone 

S. W. Persia 

Richards 

2160 1 

7087 

Bockport granite 

Massachusetts 

Leet 

2190 1 

7185 

Sudbury norite 

Ontario 

u 

2790 

9154 


“ Prom vibrator measurements. 


Table 55 

VERTICAL VELOCITIES OF LONGITUDINAL WAVES^^® 


Formation 

Velocities (ft sec.~0 in i 

Shales and Sandstones 

Velocities (ft- sec. "0 

IN Limestones 

1 

0-2000 ft. 

2000-3000 i 
ft. ! 

3000-4000 

ft 

At Surface: 

At Depth (.Mean 
Depth of Section) 

Pleistocene to Oligocene 

6, 500 

7,200 : 

8,100 ; 




Eocene i 

7,100 

9,000 i 

10,100 




Cretaceous - . . . 

i 7,400 

9,300 

10,700 

11,000 

13,500 

(3 ,3001 

Permian 

S,500 

10,000 ! 



i; .500 

01 ,000) 

Pennsylvanian 

! 9,500 

11,200 ^ 

11,700 

15 ,000 

15,500 

<3 ,000) 

Mississippian i 

i 



12,500 

17,000 

(4,700) 

Devonian . . | 

i 13,300 

i 13,400 

13,500 

14,000 

17.500 

(4 .,500) 

Ordovician 




16,700 

20,000 

(4,000) 


^®Data from wells in Mississippi, Louisiana,, Texas, New Mexiro, Oklahoma, Kansas, Colorado, and 
Peiins^dvania, from B. Weatherby* and L. Y. Faust. 
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D. Factoes Apfectino Elastic Properties of Eocks 

L In igneous rocks, the rigidity, Young’s modulus, and the velocity of 
longitudinal waves all increase with a decrease in silica content] this be- 
havior is in harmony with that of the silicate minerals and holds for both 
intrusive and extrusive igneous rocks. 

Intrusive and coarse-grained rocks generally have a greater elasticity 
than do extrusive rocks, since they contain less liquo-viscous matter. It 
is possible that the difference is partially due to differences in porosity. 
The vaiiation of elasticity with degree and depth oj crystallization is less pro- 
nounced than its variation with silica content. 

2. Sedimentary rocks show marked differ- 
ences in elasticity depending on petrologic 
composition. Clastic sediments, such as 
sands, sandstones, and shales, are less elastic 
than sediments composed partly or wholly 
of crystalline matter, such as limestones, 
dolomites, and the like. Elastic properties 
of sedimentary rocks depend much more on 
texture and geologic history than on mineral 
composition. 

The effect of porosity and decomposition 
is to decrease the modulus of elasticity and 
the wave velocity of a sediment. In areas 
of great thickness of sedimentary rocks the 
porosity decreases with depth. Therefore, 
the modulus of elasticity increases and with 
it the wave velocity. Related to changes of 
porosity is the variation of Young’s modu- 
lus with pressure. For small pressures, 
rocks appear to be more compressible, since 
any cavities present have to be closed before the pressure can begin to act 
on the rock matter itself. Excessive compressibilities resulting from poros- 
ity are accompanied by high values of Poisson’s ratio. It must be ex- 
pected that the ratio of longitudinal and transverse wave speeds changes 
considerably with depth in unconsolidated sediments. The effect of poros- 
ity on wave velocity is of practical importance in the near-surface layer, 
inasmuch as the delay caused by the latter must be eliminated in reflec- 
tion shooting (^Veathered” or ^'aerated”^^ surface layer). The thickness 
of this layer is of the order of 5 to 50 feet, and velocities in it range from 
500 to 2500 feet per second. Hence, wave speeds less than the speed of 



Fia. 9-18. Calculated velo- 
cities of sound in air-earth mix- 
tures of various proportions 
(after Lester). 


O. C. Lester, A.A.P.G. Lull., 16(12), 1230-1234 (Dec., 1932). 
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sound in air are possible in this formation. On the assumption that 
the layer is a liquid mixture of air and earth, the sound velocity 

V (1 - y)E|pir-RT^ 

where El = elasticity of air (1.2-10®);E2 = elasticity of earth; p = pro- 
portion of air to total by volume ; hi = density of air (0.0012); ^ = density 
of earth; and I — p = proportion of earth to total by volume. With a 
Young’s modulus of 5.58 -10^^ and a density of 1.9, the curve shown in 
Fig. 9-18 has been computed. 

The effect of moisture ^ or water content, on the velocity in sedimentary 
beds is rather involved. In consolidated beds (sandstones, limestones, 
slates, schists, porous igneous rocks, and the like) moisture appears to 
decrease the velocity; in unconsolidated beds moisture increases the ve- 
locity appreciably. In reflection work practical use is made of this increase 
in velocity (and improvement in the transmission characteristics) by 



Pig. 9-19. Location of ground water by refraction shooting {T.T. trav-el time). 

(After data from Eieber.) 


placing the shots in or below the ground-water table. In California 
Rieber observed distinct breaks in near-surface travel-time curves on the 
ground-water (see Fig. 9-19). 

Many observations of elastic wave speeds appear to indicate a direct 
relation between geologic age and elasticity. However, the controlling 
factor is the amount of diastrophisn to w^hich a formation has been sub- 
jected in its geologic history. An increased age merely increases the 
probability that it has undergone a greater degree of dynamometamor- 
phism. As a consequence velocities in geologic formations change less 
with depth of burial the greater their geologic age (see Fig. 9-20). Ce- 
mentation of clastic sediments by mineral solutions during their geologic 
history is likewise of considerable influence upon their modulus of elas- 
ticity. 

It follow^s from the above that metamorphic rocks have an increased 
elasticity compared with the rocks from which they were derived. Fur- 
thermore, their elastic constants are different in the direction of texture 


See Lester, loc. cit. 
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than at right angles thereto. 

In metamorphics the speed of 
propagation of elastic 'waves is 
therefore greater in the direc- 
tion of strike than at right angles 
thereto. This elastic aniso- 
tro'py also plays a part in sedi- 
mentary rocks and accounts for 
some irregularities encountered 
occasionally in seismic prospect- 
ing. McCollum and Snell^*^ 
found that in shales the veloc- 
ity parallel to the stratification 
was as much as 50 per cent 
higher than at right angles thereto. 

With an increase in depth oj hurial the porosities of sedimentary rocks 
are reduced. This decrease depends on the amount of porosity originally 
present and the type of sedimen t concerned. It is caused by the fact that 
collodial matter in sediments undergoes dehydration -with increasing pres- 
sure and that their soft mineral grains become granulated. 


2000 AOOO fiOOO 

Mean t/epih cf sect Join in feet 

Fig. 9-20. Differential velocities (to 2000 
feet, from 2000 to 3000 feet, and 3000 to 4000 
feet) plotted against mean depths for sec- 
tions of different ages (after Weatherby and 
Faust). 



/60O 


^00 4 CO BOO coo /ooo I^QO 

diplh in feet 

Fig. 0-21. Variation of wave velocity with depth (California). (Adapted from 

Fieber.) 

Tig. 9-21 shows the variation of velocity with depth in the San Joaquin 
Valley in California for various unconsolidated members of the Tertiary 
formation (from refraction observations). Not only in sedimentary but 

Iso“tinie curves are elliptical and have the same shape as eiruipotential curves 
in anisotropic media (see pp. 700 and 706). 

Physics, 2(3), 174 (March, 1932). 
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also in igneous rocks does the velocit^^ of elastic waves change with depth; 
however, this change is less in the latter than in the former, since igneous 
rocks have a lesser initial porosity. By laboratory experiments, Adams 
and Gibson have shown that the compressibility of granites and gabbros 
drops at first rapidly with an increase in pressure and remains uniform later 
for greater pressures. The greatest change in compressibility occurs for 
the first thoiusand megabaryes, which is equivalent to the first 4 km of 
depth. 

E. Physical Rock Phopbrtibs Rbla'ted to Seismic Intbksity 

To fully characterize the elastic behavior of rocks and formations con- 
sideration must be given to the intensity of elastic vibrations in addition 
to the velocity of propagation. The following physical parameters are 
significant in this connection: (1) specific acoustic resistance, (2) spreading 
and dispersion, and (3) absorption and dissipation of energy. 

1. Acoustic {radiation) impedance. The seismic or acoustic intensity I 
may be defined as the average rate of flow of energy through a unit seciion 
normal to the direction of propagation, or it may be defined as average 
power transmission per unit area. Power being the flow of energy per 
second, the intensity is equal to the average energy content, or energy 
density, W, multiplied hy the velocity of an acoustic or seismic wave, 

I = Tf.v. (9-33a) 

Since the kinetic energy is or, for a simple harmonic motion with the 
maximum amplitude Al and frequency = ^mAV, the energy density 
per unit volume is | AVs. By substitution of 4:7rY for (/, W = 
so that eq. (9--33a) becomes 

I = (9-33b) 

If in this equation the factor R is substituted for the product yfi, the 
intensity 

r = 2/f A“R. (9-33c) 

The intensity is thus proportional to the square of the amplitude and 
to the square of the frequency. Hence, vibrations of high frequency may 
l)G accompanied by great intensities, although their amplitude is small. 
Further, the intensity depends on the factor R, which by analogy with 
the electrical relation (powder = J^R) may be designated as acoustic resist- 
ance (in the presence of a reactive component, acoustic impedance). The 
acoustic resistance referred to unit dimensions is the specific acoustic 
resistance. Following are the specific acoustic resistances for a number 
of substances: steel, 390* 10^; rubber, 0.5- 10^; water, 15- 10"^; and air, 42. 
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The acoustic resistance of a medium determines the load or energy output 
of a sound source within, hence, also, the name radiation resistance or 
impedance. It also controls the transmission of energy from one medium 
to another and the ratio of refected to incident energy. If the specific 
acoustic resistances of two adjacent media differ considerably, almost no 
energy is transmitted and nearly perfect reflection occurs. In the case of 
energy transfer from water to air and vice versa, the amount transmitted 
is only about 0.12 per cent of the incident energy. The same holds true 
for the transmission of sound from an orifice or tubing of small diameter 
to another of larger diameter. The case is analogous to the transmission 
of sound from a rare to a dense medium. 

In the reverse case, when sound is trans- 
mitted from a dense to a rare medium, or 
from an orifice of large diameter into one of 
smaller diameter, the transmitted energy is 
still small as before (most of the incident en- 
ergy being refected), and the transmitted 
amplitude is approximately twice that of the 
incident amplitude. If a wave passes from 
a medium with the specific acoustic resist- 
ance Ri to another with the specific acoustic 
resistance Rs , if Ai is the amplitude of the 
direct wave, Bi the amplitude of the reflected 
wave in the first medium, and A 2 the ampli- 
tude of the energy transmitted into the 
second medium (see Eig. 9-22) then^’^ 





Fig. 9-22. Refracted and re- 
flected rays in t-u'o media of 
different specific acoustic re- 
sistances. 


T3 _ \ ^2 — Rl _ ~ 1 

- *‘sr+». - 

2Ri ^ 

R 2 + Ri "h i ’ 


(9-34) 


A2 == Ai 


where' = R 2 /R 1 . The power transmission ratio is given by the 
expression 4/(ri_.2 -h 1)‘; that is, the energy transmission from one mediiim 
into another is poor if the specific acoustic resistances of two adjoining 
media, such as air and water, differ widely. This may be remedied by 
placing a third medium of intermediate specific acoustic resistance between 


See C. W. Stewart and K. B. Lindsay, Acouslics, Van Nostrand (19S0). 
i^Note the similarity of the coefficient " ' with the reflection coefficient 

2 -f- 

and the "dimnaing factor 2 pi/(p 2 -p pi) in the equations involving electrical 
potentials in media of different resistivities p (see p. 712). 
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them. If the latter is the geometric mean of the other two speci&c acoustic 
resistances and if the thickness of the intermediate layer is one-quarter of 
the elastic wave length of the intermediate layer, the transmission ratio 
of energy from water to air may be made equal to unity. By using rubber 
for casing materials of listening devices, the intensity of sound reception 
may be increased considerably; certain types of geophones are not placed 
in direct contact with the ground but in holes filled with water which acts 
as an intervening medium to step down the acoustic resistance. 

The specific acoustic resistances of the more important rocks and min- 
erals shown in Table 56 have been computed from their velocities and 
densities. These values are of interest in connection with reflection shoot- 
ing, since the ratio of the reflected to the incident amplitude increases with 
the ratio of the specific acoustic resistances of the formations involved. 


Table 55 

SPECIFIC A.COFSTIC EESISTANCES 


FoBsiAnoN 

R-lO-4 

Fobmatiou 

It- ir* 

Basement rocks 1 

176 

Cretaceous forma tioris 

50 

Limestone 

108 

Glacial strata 

20-^ 

Rock salt 

100 

Top soil 

5-10 


2. Spreading, selective scattering, dispersion. Since the intensity of 
sound decreases with the distance from the source, it varies, for spherical 
waves, inversely as the surface areas of concentric spheres. For cylin- 
drical waves it varies inversely as the surface areas of concentric cylinders. 
Hence, formula (9-33c) becomes, for spherical waves, 


I = 

(9-3S(t) 

and, for cylindrical waves, 

M 

II 

(9-35{>) 


where R, as before, is specific acoustic resistance, r is distance, / is fre- 
quency, and A is amplitude. 

Selective scattering is due to reflections and refractions on promiiieat 
irregularities. It is greater for high frequencies than for low' frequencies, 
since the dimensions of the disturbing objects become a controlling factor 
compared wdth the wave length. The amplitude of the scattered waves 
at any distance from the obstacle is directly proportional to the volume 
of the obstacle and inversely proportional to the square of the wave length. 
Hence, the intensity of scattered sound varies inversely as the fourth power 
of the wave length. In a medium consisting of numerous small objects. 
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scattering accentuates the low and attenuates the high frequencies with an 
increase in distance. 

The effects of dispersion on the propagation of seismic waves have been 
observed in station seismology. The phenomenon is similar to the dis- 
persion of light by refraction. In optics the degree of dispersion depends 
oji the substance and varies inversely as wave length ; that is, the index of 
refraction is greater for small than for large wave lengths. Since light 
velocity is inversely proportional to the refractive index, the velocity in- 
creases with wave length. In other words, both refractive index and dis- 
persion are inversely proportional to wave length, period, and velocity. 
This is normal dispersion. If the velocit3^ decreases with wave length, 
abnormal dispersion occurs. 

In seismology the effect of dispersion on intensity or amplitude has been 
observed for longitudinal and transverse waves.^^ In a wave with com- 
ponents having different periods, a maximum will occur at a given station 
because of interference. If the velocity varies with period because of 
dispersion, this maximum will travel to another station, not with the veloc- 
ity of the individual waves, but with greater or less velocity, called the 
group velocity, C. If no dispersion is present, C = v. If the velocity v 
increases with the wave length (or period), there is normal dispersion, and 
the group velocity C is less than v. For abnormal dispersion, if the veloc- 
ity decreases with wave length, the group velocity is greater than the 
individual wave velocity. Formal dispersion has been observed in the 
first longitudinal impulses; the occurrence of the maximum in this wave 
group has been found to be delayed with increasing epicentral distances/^'^ 
The effect of dispersion is most pronounced in transverse surface waves; 
further details are given on page 927. 

3. Absorption and dusipation. The decrease of seismic intensity with 
distance, due to geometric spreading, scattering, and dispersion, is ac- 
companied bj^ losses due to energy absorption giving rise to damping. 
Hence, at the distance r the intensity 

Ir = Ioe“"" (9 -36a) 

where a is an absorption coeflScient or the reciprocal of ilic^ distance! at 
which lo is reduced to lo/e. Hence, 

a = — log (9-36fe) 

r ir 

where b/Io may be designated as acoustic transparency and lo/T as 
acoustic opacity and is measured in decibels: db = 10 log b/Io . Con- 

B. Gutenberg, Handb. der Geophys., IV(1), 27-28 (1929). 

Ibid, 



Chap. 9] 


SEISMIC METHODS 


481 


sideling both spreading and absorption, 

T _ 

4irr2 


(9-37) 


for a spherical wave. The absorption coefficient a appears to increase 
with the second power of the freq.uency. Hence, high frequencies are 
largely eliminated with increasing distance from source of vibration and 
the low frequencies are left over. According to Stewart and Lindsay”* 
the following relation exists between absorption coefficient and viscosity: 


8wnf 

35v« 


(9-38) 


where II is the Poiseuille coefficient of interior friction. 

Damping constants may be determined in the field and laboratory from 
resonance curves. The latter are taken with the apparatus previously 
described (see pages 462-463), the former with vibrators. In both cases 
the medium under test is force driven, and its dynamic magnification W 
(see page 602) is given by 


W = 


V(1 + 4^2?!^’ 


where n is the tuning factor or the ratio of impressed and natural frequency 
«/(oo , and 7 is the relative damping (see page 586) in per cents critical. 
Suhstitntmg in the above formula the resonance tuning factor Tir = 
■\/l — the magnification at resonance 

W = = — 

2r,Vl - 7' 27,' 


For the determination of tj from a resonance curve it is convenient to 
measure the frequencies at which, below and above the resonance peak, 
the maximum amplitude has dropped bo 1 /a/ 2 of its peak value. Then 
a combination of the last two equations gives 


' yLy _ V 


1 — 



and with W = Wmai./y/^: 


(9-39c) 


1 ^ Sl-f 

2V2^= 2f,V2fo-f^’ 


20 Loc, ciL 
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Since, in approximation, f — fo in the denominator, the damping rates 
become, for two frequencies, fi and J 2 , at which the dynamic magnifica- 
tion has fallen ofi to one-half of its maximum value: 


and 7J2 = 


so that, since 


/i + /a 


(9-3M) 

^ 4/0 

Since the damping resistance p, or the ratio between driving force and 
velocity of motion (see page 584), is given by p == 2?n€, with m as mass 
and € equal to ccqtj, the damping coefficient e is ttA/; therefore the damping 
resistance (or dissipative resistance) 


p = 2TinA.f. 


(9-40) 


(Eor torsional vibrations the polar moment of inertia is substituted for 
the mass m). Table 57 gives the damping resistances of a number of 
substances in bar form at 10 kc (p in hilohms), as found by Wegel and 
Walther."' 

Table 57 

DAMPING RESISTANCES OF SUBSTANCES IN BAR FORM 


Lead 117-130 

Hard rubber 25.5 

Nickel 10 

Copper 5.5 


Silver 2.8 

Glass 2.45 

Steel 0.84 

Steel (annealed) 0.215 


Similar determinations for rocks have not been published, but they 
would undoubtedly add greatly to our knowledge of dissipation and ab- 
sorption of seismic energy. From the damping, an equivalent Poisseuille 
coefEcient II may be derived if the vibrating medium has a simple geometric 
shape, such as a bar oscillating longitudinally. In such a case the viscosity 
coefficient is n ~ pi/2T^S, S being the area of the rod. Substituting 


m — hlS for its mass, IT 
(9-295), 


it is seen that 


pr6/2T“m. Since, from eqs. (9-29u) and 


pE 


and, since 77 = 


P_ 

4rm/ ’ 


77 = (9-41) 

E 

The relative damping is thus represented by the ratio between a dissipa- 
tive modulus Ha? and the elastic modulus. Hence, in a complex representa- 

Physics, 6, 141-157 (April, 1935). 
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tion of Toung’s modulus (or rigidity modulus) the damping rj represents 
the tangent of a phase angle between elastic (E or^i) and dissipative moduli 
(Ilzaj and HfO)) (see Tig. 9-23). The resulting elastic moduli, E = Eo + 
jo)JLi andy = + joUt , are thus comparable with the apparent dielectric 

constant (see Chapter 10, page 641). The reciprocal of the tangent of the 


j 


M»chanie«if \ /B99i€ianc» 




Complex C facile 

Fig. 9-23. Oscillation of elastic systems represented by complex moduli (after Wegel 

and Walther). 

phase angle has also been designated as ‘^dissipation” constant/^ although 
this definition does not appear well chosen, since materials with the 
greatest energy dissipation would have the smallest dissipation constants. 

IIL METHODS OF SEISMIC PROSPECTING 

A. Technique of Shooting; Shot Inst.ant Transmission; Review of 

Seismic Methods 

1. Source of energy: weights, explosives. In seismic exploration dyna- 
mite is used almost exclusively. However, different energy suurce.s have 


22 H. Walthei, Bell Lab. Record. 363-366 (Aug., 1934). 
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been used or suggested. Fessenden proposed the use of sonic transmit- 
ters, as applied in submarine signaling, for the location of ore bodies. 
Some commercial companies and scientific institutions have experimented 
occasionall 7 with weights. Hubert, using weights of 20, 50, and 117 hg 
dropped from heights of 1 to 1 1 m, could detect reflections from a number 
of beds down to 5 km in depth by means of a Wiechert seismograph with 
a magnification of 2 million located at a distance of 125 m from the weight 
tower. He found that (1) the travel times of seismic impulses generated 
by falling weights were independent of the masses and of the elevation 
from which they were dropped, (2) seismograms obtained with different 
masses and different heights could be correlated phase by phase ; (3) the 
observed amplitudes were proportional to the square root of the height 
and to the weights of the masses used, hence, the amplitudes were propor- 
tional to the square root of the fall energy. Experiments made in this 
country with falling weights have shown that a 200-pound lead weight 
dropped from about 20 feet can he detected with a Schweydar seismograph 
under favorable circumstances up to about 300 feet. 

The energy liberated by falling weights is much less than that from a 
dynamite explosion. To release the same energy produced by a confined 
buried charge of about SOO pounds of dynamite, an iron hall nine feet in 
diameter and weighing 75 tons would have to be dropped from a height 
of one mile. Nevertheless, weights have possibilities in reflection work. 
Unbalanced flywheel machines (vibrators) have been used for testing the 
dynamic response of buildings and surface formations. Details are given 
in Chapter 12. 

With the exception of vibration tests of buildings and surface formations, 
dynamite is used in virtually all commercial seismic exploration. Com- 
mercial dynamites fall into two groups: 

(^) Straight dynamites (dynamites proper). These contain nitroglyc- 
erine, in an amount equal to the grade-strength marking, and various 
absorptive materials. 

[B) Gelatins, Some of the nitroglycerine is replaced by nitro cotton, 
forming a gelatin. 

(a) Blasting gclatm: 91 per cent nitroglycerine, 8 per cent nitrocotton, 
1 per cent chalk. 

(b) Straight gelatins: These are blasting gelatins, diluted with pulp and 
sodium nitrate. The Du Pont Hi- Velocity Seismic Gelatin and the Atlas 
and Hercules low-freezing gelatins are in this group. 

(c) Am'monia {or special) gelatins. These are equal in strength to the 
straight gelatins, hut ammonium nitrate replaces a portion of the nitro- 


F. Hubert, Zeit. Geophysik, 1(6), 197 (1924-1925). 
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glycerine. The Atlas ammonia gelatins, Du Po^t^s Seisinogel A and B, 
and Du Pont Nitramen are in this group. 

For reasons stated later, straight dynamites and blasting gelatin are not 
so well suited for seismic applications as are ammonia and straight gelatins, 
Explosives for geophysical as well as other applications are characterized 
by the following properties: 


L Strength 

2. Density 

3. Propagation effectiveness 

4. Rate of detonation 

5. Cost 


6. Consistency 

7. Water resistance 

8. Freezing resistance 

9. Safety 

10. Inflammability 


By strength of an explosive is meant the percentage of nitroglycerine 
in straight dynamites. For any other explosive, regardless of composition, 
the strength rating is obtained by comparing its effect with that of straight 
dynamite. The absolute strength of an explosive is of minor importance. 
While theoreticall.y the effect of an explosion should be independent of the 
type of explosive used, provided the energy (weight-strength times amount) 
remains constant, it has been demonstrated in practice that, for the same 
amount, variations in strength and type of gelatin within the range of 
40 to 80 per cent have little effect. Strengths are generally referred to 
unit weight or nnit volume and are thus designated as weight-strength or 
bulk-strength. High hulk-strength is advantageous for reducing trans- 
portation costs and size of shot hole. 

Density is of importance in connection with strength. An explosive of 
both high density and high strength, that is, high weight-strength, is 
preferable. 

Frojpagation efecMveness is the ability of an explo.sion to propagate 
through the explosive itself, as well as through air gaps or other non- 
explosives, to another portion of explosive or cartridge. A typical indica- 
tion of ineffective propagation from one cartridge to another is shown in 
Fig. 2 of an article by N. G. Johnson and G. H. Smith."^ 

Bate of detonation is the speed \rith which the detonating wave travels 
through a train of explosives. Experience shows that the pereciitage of 
energy converted into ground vibration increases with ttu‘ rate of detona- 
tion and that the latter increases wit h the degree of confiiuunent. This is 
caused by the peculiarity of the gelatin dynamites (jf having two velocitii's. 
one around 8500 feet and the other ranging from 13,000 to 20 ,(>0(1 ft^ei, 
depending upon the grade of the explosive. In ordinary gelatins the high 
velocity will not be developed in the open but under close eonfinfuneiit in :i 


24 Geophysics, 1(2), 232 (June, 1936). 
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drill hole; therefore, it is necessary to place shots in as firm ground as 
possible to insure good confinement and to tamp shot holes with mud or 
water. Again, high water pressures will prevent the high velocity from 
appearing in the regular ammonia gelatins. Therefore, both Hercules 
and Du Pont have developed Hi-Velocity-type gelatins for seismic work 
which give high unconfined velocities without special priming and with- 
stand such water pressures as occur in the deepest reflection shot holes. 

It is obvious that those explosives which will give the greatest explosive 
energy per dollar expended are the most desirable. In long-range refrac- 
tion work the cost of dynamite amounts to half the cost of operation of a 
seismic party; consumption of 1200 to 2500 pounds per day is not unusual. 
In reflection work the cost of hole-drilling exceeds the cost of dynamite. 
The price of special gelatins is around $17 per 100 pounds in carload and 
$20 in ton lots. 

Commercial dynamites vary in consistency from rubber-like constitution 
(blasting gelatin) to free flowing (Hitramon). For reflection work where 
charges have to be forced into deep holes, stiff cartridges are required. 
Therefore, special gelatins in stiff wrappers, or in tin cans (Nitramon) 
are used in seismic exploration. For special applications where very small 
charges (1/16 pound) are suflBLcient, a plastic gelatin of sticky rubber-like 
consistency, which may be molded around caps, is available. Lack of 
consistency or excessive obstructions in shot holes can be overcome by the 
use of tin torpedoes. 

Water resistance is one of the most important properties of explosives in 
geophysical work. Blasting gelatins, straight gelatins, and ammonia 
gelatins rank highest in water resistance; next follow the straight nitro- 
glycerine dynamites; and lowest are certain types of ammonia dynamites. 
By wax-dipping of wrappers or use of sealed cans (Nitramon), the water 
resistance is increased considerably. Both dynamite and caps must be 
highly resistant to water to be usable in the water- tamped holes required 
in seismic exploration. 

Freezing resistance. Most gelatin dynamites are low-freezing and may 
be used the year round throughout the United States. For severe cold 
weather a special low-freezing grade is available. 

Safety is one of the prime considerations in any application of explosives. 
The straight nitroglycerine dynamites are least perfect in this respect; 
they are too sensitive to shock and friction. Gelatins and ammonia 
dynamites rank very well. Low-density explosives, because of built-in 
cushioning effects, are the safest but unsuited for geophysical applications 
on account of their lack of consistency and low water resistance. Safety 
of explosives is determined at the factory by impact testers or by dropping 
an iron ball a distance of about 10 feet on a square section of powder resting 
on a steel surface. 
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It is unfortunately true for much, of the seismic work that familiarity 
breeds contempt. The most frequent offense is the storing or transporting 
of blasting caps with the dynamite, despite repeated warnings by powder 
companies. Accidents have happened in seismic work. Although remark- 
ably few in number, they were probably more frequent in the days of re- 
fraction shooting, owing to the greater quantities of explosives and greater 
distances involved. 

Considerable progress has been made in recent years in solving the prob- 
lem of storing explosives for seismic parties. Portable magazines have 
been constructed. Two types are available, one on a two- and the other 
on a four-wheel chassis. The body is electrically welded steel of a capacity 
of about one ton. The housing is well ventilated, protected by locks 
against theft, and coated with aluminum paint (see Fig. 9-24). Since it 
is illegal to carry dynamite in a trailer or in a car towing a trailer, the dyna- 
mite may be transported in one vehi- 
cle, the trailer towed by another, and 
the dynamite transferred on location. 

Separate steel boxes for caps are also 
available. These may be chained to a 
tree in the field, 

Infiammability. Straight nitrogly- 
cerine dynamites are most easily 
ignited, but all other grades are of low 
inflammability. Explosives should be 
well protected against fire. 

Experience collected with various 
types of explosives in seismic work in 
this country for over twelve years indi- 
cates that the 60 per cent ammonia 
gelatins, especially the high-velocity types developed for seismic applica- 
tions, are the most satisfactory. Dymamites for seismic work are manu- 
factured by the Du Pont Powder Company, the Hercules Powder Com- 
pany, and the Atlas Powder Company. The most popular sizes are: 
l-pound sticks, 1 1 x 8 inches; 1 -pound sticks, 2x6 inches ; 2|-poiind sticks, 
2 X 16 inches; 5-pound sticks, 3 x 12 inches; and 70-pound sticks, 8 x 24 
inches (for swamp work). 

For setting off the charge, electric blasting caps are used exclusively 
(Fig. 9~25). These consist of a metal container, two insulated leg wires 
sealed with a waterproof compound and with sulfur on top, a pressed charge 
at the lower end of the cap, and a primer charge at the ends of the leg 
wires where they are connected by a bridge wire. The fusion of this wire 
detonates the cap. The bridge wire is made of an 80-20 platinuni-iridiiun 
alloy and is 0.00125 inch in diameter. The priming charge surrounding 



Texes Body and Trailer Co. 

Fig. 9-24. Portable dynamite nnagazine. 
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Fio, 9-25. Cross section of Hercules 
electric blasting cap. 


the bridge wire is usually mercury ful- 
minate; in the Du Pont caps it 
is fulminate chlorate. Instead of hav- 
ing a loose charge around the bridge 
wire, the Atlas caps have a bead in 
the form of a matchhead. Caps are 
usually protected by a shunt clip 
against accidental discharge due to 
static or other sources of electricity. 
This clip is removed immediately 
before firing. 

The time characteristics of electric 
blasting caps are of great importance 
in seismic work. Connected to the 
blasting cap is a circuit for transmit- 
ting the instant of the explosion to 
the seismic record. With the introduc- 
tion of the reflection method, the re- 
q[uirements of time accuracy went up 
considerably, for the time of explosion 
must be transferred to the record with 
an accuracy of 1 to 2 thousandths of 


Tim I 


OM 


o,m 


a second. Ordinary caps are 
unsuited for this purpose. As 
shown in Pig. 9-26, the delay 
for low currents is great. For 
high currents two breaks oc- 
cur — one when the bridge wire 
fuses and the next when the 
cap fires. In caps especially 
developed for seismic applica- 
tions (Du Pont not 

only is the time difference 
be ween bridge break and deto- 
nation eliniiiuited but the fir- 
ing delay is reduced consider- 
ably. This type of cap can 
loe fired by any current greater 
t.han 2 amperes. At 3 amperes the firing time is about 0.003 second 
db 0.0003. Batteries or blasting machines may l)eused for firing electric 
blasting the latter being preferable from the point of view of safety. 
A 5()-cap blasting machine furnishes about a SOO-volt peak e.m.f. 



Fig. 9-26. Firing current vs. liring time for 
Du Pont seismograph blasting caps (after 
Burrows). 1 is ^‘SSS’’ bridge breah and total 
cap lag; 2A, ‘ ‘SS’’ bridge brcuik; 2B, “SS' ' total 
cap lag. 
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When dynamite is primed with an electric blasting cap, the latter should 
be so fastened with its lead wires around the charge that the cap does not 
pull out when the charge is lowered into a hole. Before shooting, the firing 
circuit should be tested for resistance to be sure that the current is passing 
through the blasting cap and through all parts of the line. For this 
purpose the powder companies furnish test instruments consisting of an 
ohmmeter and a silver chloride battery which supplies less current than is 
required to blow up a cap. The resistance of the caps plus the resistance 
of the leads should be calculated and compared with the results of the test. 
Both short circuits or high resistance breaks are equally objectionable. 

2. Placement of charges. In both refraction and reflection work it is 
necessary to place the charges in the surface in such a manner that maxi- 
mum energy transfer from the explosive to the ground obtained. The 
amount of energy released by the explosion itself is appreciable. It has 
been estimated^® that the temperature of the gases liberated by it is of the 
order of 3000° C., and that pressures of about 50,000 atmosphere (or 
about 700,000 pounds per square inch) are produced by an explosion of 
60 per cent dynamite. However, very little of this energy is likely to be 
transmitted to the ground. If the charge were placed on the surface 
without confinement, not only would its rate of detonation be low (unless 
a high velocity powder is used) but most of the energy would probably be 
converted into a compressional air wave. Hubert, as early as 1924, dem- 
onstrated experimentally that the effect of a buried charge may be from 
SO to 100 times greater than the effect of a surface charge. Even then, 
most of the energy is probably expended in enlarging the hole, in crushing 
the rock, in moving out water and mud, and in heat. Comparatively 
little is converted into elastic wave energy. 

Charges should be placed as deep as time, terrain, and cost permit, 
although it may happen that deeper layers have poorer transmission 
characteristics than do more shallow layers. Firm shales or water-soaked 
beds are the most effective carriers of seismic energy. Reflection shooting 
has made it a fairly general practice to place the charge at the depth of 
the ground-water level if it is not too deep. In long-range refraction 
shooting, usually a hole 4, 5, or 6 inches in diameter is drilled to a depth 
of from 12 to 25 feet, and a cavity is hlovui at the bottom with 4 to 8 
pounds of dynamite. The entire charge is then placed in the cavity and 
the hole is tamped with dirt and water. The large cartridges S inohe.s by 
24 in dies mentioned before are applied in marsh work and are forced down 
with a wooden tamper as far as they will go. In open water the charges 
are sacked and primed, and the bags are lashed together and tossed over- 

25 H. E. ‘NTashand J. M. Martin, Geophysics, 1(2), 239-251 (June, 
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board at the desired location. Reflection, shot holes are generally of small 
diameter, and the primed charge is pushed down "with a tamping stick con- 
sisting of several sections connected by hook joints. Several sticks may 



George E. Failing Supply Co, 

Fig. 9-27. Failing seismic shot-hole drill; view" of hydraulic. 


be taped to a piece of lath, or the^^ may be placed in a tin torpedo. Nitra- 
mon cans are loaded with a spoon attached to the end of the loading pole. 

Shot holes are drilled in various ways, depending upon conditions. In 
easy drilling soil, the use of hand augers is quite feasible, particularly if 
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local labor is cheap. In most cases truck-mounted rotary drilling macliiues 
are used (Figs. 9-27 and 9-28). In soft ground holes may be “washed 
down” by the use of centrifugal pumps driven by gasoline engines (Fig. 



George E. Failing ^Supply Co. 

Pig. 6-28. Failing seismic shot-hole drill; view of entire unit. 

9-29). Hole caving may be prevented by the use of Aqiiagel or lime, or 
by the use of casing'® which can usually be recovered and used again. 

A light t- weight casing, made of plastic, has recently been put on the market. 
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Shot holes are tamped with water. Most reflection parties have a water 
truct following the drilling truck. Drilling casts may range from 25 cents 
to over a dollar per foot, depending upon conditions. Seismic-hole drilling 
may be contracted at $1000 to $1500 per month. Charges are generally 
fired from a shooting truck set up as close to the shot point as practicable. 





Fro. 9-29. Evinrude centrifugal pump for drilling shot holes in swamps. 


In earlier refraction shooting 
some companies fired charges 
by radio from great distances 
but this practice is now aban- 
doned. 

It has been demonstrated 
that no changes in travel times 
occur when charges are 
changed as much as ten times 
in energy, that is, in quantity 
or in strength. As shown in 
Fig. 9~30/^ the amplitudes 
generally increase in propor- 
tion to the square root of the charge. 

3. Ey%crgy transmission and absorption. It is difficult to determine 
accurately the relation between distance and record amplitude, because 
such measurements make it necessary to move either shot points or ob- 
servation points. If the shot point is moved, the energy transferred to 
the ground changes with local conditions at the shot point. If the re- 
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Fig. 9-30. V'ariation of amplitude with charge 
(after Rixman). (1) Shots fired in dry sand ; (2) 
shots fired in moist sand; ix, ground <amplitiide 
in microns. 


2^^’. Rixmann, Zeit. Geophys., 11(4/6), 197-207 (1935). 
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ceiyers are moTed, the recorded energy varies with the so-called groiiiKl 
factor, that is, with the dynamic response conditions of the surface strata. 
Different propagation paths of refracted, reflected, and surface waves 
further complicate the problem. 

In refraction work the amount of dynamite required increases with dis- 
tance, probably in linear relation. In reflection shooting a relation be- 
tween charge and depth is hardly recognized, since the recorded ampli- 
tudes are predominantly dependent on transmission conditions of surface 
beds at the shot point. The curves in Fig. 9-31 have been plotted from 
data published by Barsch and Reich for a number of refraction traverses. 



ff/stanci Jo meters 


Fig. 9-31. Dynamite charge required to produce legible impulse, as a fiiiK'tion 
of distance (compiled from data by Barsch and Reich). P, S-H, and D indicate 
localities. 

They indicate that the amount of dynamite required vark's approximately 
ill direct proportion to distances. 

4. Trammission oj shot instant. The accurate transmission, from tlu' 
shot point to the rectiver, of the instant of the explosion is of import a 
since virtually all interpretation methods are based on determination of 
travel times. In refraction shooting the accuracy in time traiisniission 
varies from of a second for short distances to several huiulredths of a 
second for great distances, in reflection Avork it is of the order of two' of a 
second. The instant of the explosion may be determiiUHl (a) by its direct 
effects (sound, light, or temperature), or (b) by an indirect t4Vet (electrical 
current or radiation) released by the explosion. 
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The instant of explosion mny be computed from the time of arrival of 
the sound wave, taking into account the velocity of sound, barometric 
pressure and temperature, wind direction and velocity, and the distance 
of seismographs from the firing point. Application of this method de- 
creased when charges were buried at greater depth, but it was later revived 
for the purpose of determining the distance between firing point and 
receiver in difficult terrain. In this procedure a ^‘sound^^ charge is placed 
on the ground above the buried main charge and a blastophone is used 
for recording the sound waves. The use of the light transmitted by the 
explosion was mentioned by L- Mintrop in one of his patents. The possi- 
bilities of recording an explosion through its heat radiation have never 
been investigated. 

In the transmission of the shot instant by mre, a contact in an electrical 
circuit is made or broken at the instant of the explosion. Double wire or 
ground return may be used. The indicating devices are electromagnets 

with mirror armatures, telephone receivers 
or loudspeaker elements with mirrors attached 
to their diaphragms, oscillographs, string gal- 
vanometers, and the like. These will be dis- 
cussed in more detail in the article on radio 
transmission. The transmission circuit (1) 
may be broken at the instant of firing (a) by 
wrapping it around the charge, (b) by a series 
cap, or (c) by a relay in the firing circuit; (2) 
it may also he closed by a relay, actuated (a) 
by the firing circuit or (6) by a series cap; 
or (3) the transmission circuit may be coupled directly to the firing cir- 
cuit by (a) a resistor or (5) a transformer. 

Wrapping the transmission line around the charge has the disadvantage 
of placing four lines in the shot hole. A series cap is more convenient for 
breaking the line. For closing the circuit by a series cap, the firing relay 
shown in Fig. 9-32 has been used in connection with refraction shot-instant 
transmission. Two field phones are usually connected to the shot-instant 
transmission line as shown in Fig. 9-33. The first arrangement is actually 
a three-line circuit. Communication is not interrupted when the shot- 
instant circuit is broken; the phone current passes through the indicator, 
which is avoided in the second arrangement. However, the use of a single 
line requires switching from communication to shot transmission. 

Various arrangements are applied (particularly in reflection work) to 
couple the firing line directly to the transmission line. A small amount 
of current, not enough to set off the cap hut sufficient to attract the 
armature of the indicator, may be passed from a battery through the 
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Pio. 9-32. Series cap firing 
relay for wire or radio trans- 
mission. 
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circuit before firing. At the instant of firing, the circuit is broken and the 
armature released. Instead of feeding directly into the transmission line, 
the firing line may be coupled to it preferably by a transformer, or by a 

^ ifK/fcaiar 



Fig. 9-33, Irrangemeats for shot-instant transmission, by circuits separate from 

firing line. 
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Fig. 9-34. Arrangements for shot-instant transmission over single and double 
communication lines from firing circuit. 


resistor. This method is the most prevalent. Fig. 9-34 shows three 
varieties. A transformer is connected in parallel to the firing circuit in 
such a manner that a portion of the firing circuit passes through its primary. 
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In Fig- 9“34a the phones are in parallel with the secondary of this trans- 
former; in b and c the phones (or the speaker input transformers) are in 
series with it. In all cases the regular seismograph galvanometer is used 
for the time break, and the output of the shot-transmission transformer 
is either in series (a and b) or in parallel (c) with the amplifier output 
transformer. Arrangement c differs from b by the use of microphones and 
speakers, which makes for more convenient operation in a recording 
truck. 

Wire transmission of the shot instant is applied in short-range refraction 
and in most reflection work. In all long-range refraction work and for 
reflection shooting in areas where distance, type of country (swamps), 
or topography make laying of lines impracticable, radio is used. Trans- 
mitters vary from about 40 to 200 meters^^® in wave length, and from 
0.2 to SO watts in power, which must be great enough to overcome static 
and to actuate the type of indicator used. Their range may extend 
to 150 miles or more. Fig. 9-35 shows a portable transmitting and. re- 
ceiving unit. The transfer of the shot instant to the transmitter is gener- 
ally accomplished by making or breaking the plate circuit. For breaking 
it, the B battery lead is shot apart; for connecting it, the firing relay shown 
in Fig. 9-32 is used. Often the transmitter sends some sort of a signal 
(produced by buzzer or tuning fork) which is either turned off or on by the 
shot. On the receiving end the signals are picked up as sound and 
recorded. 

A great variety of devices are available for recording. In long-range 
radio time-signal transmission (deep refraction and pendulum surveys) 
relays are sometimes applied in connection vith less sensitive and, there- 
fore, more rugged indicating devices. These may be mechanical relays 
or gas-filled tubes (grid-glow tube or thyratron). In the majority of cases 
relays are avoided, and indicators of special design or oscillograph galva- 
nometers are applied. 

A simple recording device may be made from a phone re(ieiv{n’ by at- 
taching a mirror to the diaphragm and placing the receiver behind a lens 
of the same focal length as that used in the (mechanical) seismograph. 
The receiver is then set up on a stand next to the seismograph. A more 
(effective recorder is made from a magnetic speaker by rennoving the 
diaphragm and coupling the driving pin to a light spring fitted with a 
mirror, or to a mirror suspended on a short }>latinuTn-iridinm torsion wir<'. 
In both c*ases suitabk; damping Kshould be usc;d. Tn. rofraetion work th(i 
Askania mirror device liaKsbeen widely applied (s(Ki Eig. 7-24). 

All kinds of oscillographs, vibration galvanometers, and string gal- 


In this country, the following frequencies have been allotted by the F. C. C. 
to geophysical work: 1602, 1628, 1652, 1676, and 1700 kilocycles. 
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vanometexs are extensiTely employed.^^ They are generally coupled to 
the receiver by a suitable step-down transformer; the regular seismic 
oscillographs (coil galvanometers or string galvanometers) may be used 
when a separate indicator is undesirable. In that case the output trans- 
former of the radio receiver is connected in series or in parallel to the 
secondary of the output transformer of the seismic amplifier. A disad- 
vantage of all oscillographs and mirror devices is their inertia, which re- 
quires damping. This is avoided in the glow-tube oscillograph shown in 
Fig. 7-25. The latter ignites with about 2*10”'^ amperes for optimum 
plate voltage. Its cathode is a hollow slotted cylinder whose end surrounds 



Hartey Radio Laborat€3ri€s, Inc. 

TrCi. 9-35. Eadio transceiver. 


the anode. The current controls the length of the glow in the slot. I'liis 
glow is projected on the phptograpliic paper. 

5. Revino of seismic Tnethods {Jan shooting, refmction, irfltrtion). All 
seismic prospecting methods have in common the generation <if nn in- 
stantaneou.s shock and the measurement of resultant .surface vibrntion.s a! 
one or more distant points. The physical parameters whieh ir.ay be deter- 
mined for any vibratory motion are (1) frequency; (2) intensity or ampli- 
tude; (3) velocity and travel time. Practical e.vpcrienee lias shown that 
the first two parameters are too complex to Im used for iuterpiadations in 

*®The regular seismic oscillographs are discussed on pp. 552; 59S-S01. 
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terms of depth. However, they enter indirectly into the interpretation 
of a seismogram, since impulses due to any new phase are characterized 
by a change in both frequency and intensity. The only wave parameter 
employed for depth calculations in present practice is the time interval 
elapsed between the instant of the explosion and the arrival of the first or 
later impulses. According to the type of wave used and the manner in 
which travel times are observed and analyzed, the following seismic meth- 
ods are distinguished: (1) fan shooting, (2) refraction, and (3) reflection. 

The objective of the first method is to determine whether there is an 
intervening medium of different velocity between shot point and receiving 
points. Tan shooting is a reconnaissance method, capable of covering a 
large area in a comparatively short time. Indications obtained by it may 
be detailed by the refraction or reflection methods. In many ways the 
fan shooting method is comparable to resistivity mapping of electrical 
prospecting. When distances between receivers and shot are kept fairly 
constant, the depth penetration also remains about the same. In con- 
trast to the fan shooting method, refraction and reflection methods in- 
volve absolute determinations of depths to geologic formations. In the 
refraction method, this determination involves an observation of the varia- 
tion of travel time with interval between shot point and receiver. Hence, 
it is comparable with the resistivity-sounding method of electrical 
prospecting. 

While in fan and refraction shooting primarily the first impulses from 
high-speed beds within the range of the shot distance are evaluated, the 
reflection method is based on the determination of travel times of impulses 
arriving subsequently in the seismogram. The interval between shot and 
receiving points is no longer a factor controlling depth penetration. Were 
it not for ray curvature and absorption it would be possible to penetrate 
to any depth with any given spread. This method can be used for both 
reconnaissance and detail. However, because of difficulties in correlating 
records through large distances, its main application is to detailed survey- 
ing. In refraction shooting, the distance between shot and receiving points 
is roughly a multiple of the depth penetration (generally from 3 to 5); 
in reflection shooting, it is a fraction thereof (from yV to ^). 

To obtain depth in refraction shooting, the travel time must be deter- 
mined as a function of distance. Hence, observations in a number of 
distances are required. In reflection shooting, one distance would the- 
oretically be sufficient if the velocity is known. In practice, however, 
more distances are necessary, since it is not possible to differentiate be- 
tween a refracted and a reflected impulse in a single record. 

In field application the distinction between the three seismic methods is 
not so sharp as it may appear from the above description. To calibrate 



Chap. 9] 


SEISMIC METHODS 


4D9 

the time scale in fan shooting in terms of normal geologic depth-v'elodty 
sequence, a refraction profile is first shot. There are combinations of fan 
and refraction shooting in which absolute instead of relative depths are 
obtained; refraction profiles may be tied in with reflection traverses to 
obtain average velocities to reflecting beds. Finally, refraction shooting 
for weathered layer corrections is part of everyday reflection practice. 

B. Fan’-Shootin’O Method 


1. In oil exploration the fan-shooting method was applied extensively 
on the Gulf coast for the location of salt domes from 1924 to 1929, which 



Fig. 9-36. Preliminary ])r(>file and fan layouts (after Barton). 


arc ideally suited for this work, since their vekxnty differs considerably 
from that of the surinunding formations. The area to be prospected is 
covered by a series of overlapping fans (see Fig. 9~3G). Receivers are 
grouped, by repeated setups, on the circumference of a cinde about the 
shot point, at distances varying from four to eight miles, hi a new area 
a profile is first shot to determine the normal seciueiua^ of lieds, that is, 
the ^‘normal” travel-time curve (see Tig. 9-37, and profile extendina; north 
from fail shot point A in Fig. 9 36). Trax’el tinnxs ohserviKl at the ian 
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Pig. 9-37. Pan times plotted on preliminary travel-time curve (after Barton). 



Fig. 9-38. Refraction fans and travel-time anomalies (“accelerations’^) atMossEluff 
salt dome (after Eby and Clark). 


stations are then compared with the corresponding times of the standard 
curve for the same distance. Fig. 9-37 shows such fan times plotted on 
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the standard travel-time curve, indicating that there are no media of 
anomalous velocities within the range of the fan. Time anomalies are 
plotted for each fan as ^'accelerations'^ (in fractions of seconds). Fig. 
9-38 shows such fan accelerations for the Moss Bluff salt dome. 

An analysis of the length of the acceleration vectors makes it possible 
to determine approximately the location of the dome. The corresponding 
travel-time curve for a salt dome is given in Tig. 9-39. After a dome ha^ 
been located by fan shooting, the company doing the work usually blocks 
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Fig. 9-39. Travel-time curve across salt dome (adapted from Barton). 


the prospect as quietly as possible and then returns to the area later to 
detail the indication by refraction profiling, reflection shooting, or torsion 
balance to determine the shape of the cap and the attitude of beds above 
and around the dome. The fan-shootbg method has also been applied 
in the mapping of anticlines^® (see pages 547 -S^S). 

2. In mining eocploratiom the fan-shooting method can be used for the 
location of gold-bearing placer gravel channels and similar problems. 
Figure 9-40 shows a fan layout as applied in prospecting for gold-bearing 



29 J. H. Jones, World Petrol. Congr. B.I., 169-173 (London, 1934). 
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leads. The receivers are placed at the ends of radial lines at distances of 
1000 to 2000 feet. The location of the lead is given by the maximum 
travel time, and this point is then made the vertex for the next fan. The 
position of the edge of the channel, as well as the channel depth, may be 



Fig. 9-40. Tracing course of placer channel by fan shooting. 



AUttviaJ 6okf C/imtf 


Ficj. 9 - 41 . Travel-time curves on two gold-bearing alluvial channels in the Giilgong 
gold field, New South Wales (after Edge and Laby). 

detailed by refraction profiles at right angles to and parallel with the 
strike of the leads. Fig. 9-41 shows up- and down-lead travel-time curves 
(to determine dip of bedrock surface, see page 525). The depth of the chan- 
nel is roughly proportional to the ordinate of the break in the travel-time 


curve. 
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3. F an-^^hooting equipment Equipment and instruments used in fan 
shooting depend to some extent on the purpose of the survey. Fan-shoot- 
ing equipment for oil exploration is more elaborate than that employed in 
mining and engineering applications, since the distances between shot 
point and receiving points and the distances between individual fan sta- 
tions are much greater. For this reason, the shooting technique also 
differs. In oil exploration, where large charges are required for fans three 
to seven miles in length, a hole is drilled first to a depth of 20 to 25 feet ; 
a large cavity is blown out at the bottom of the hole, and the main charge 
is placed in it. A surface charge is hooked in with the main charge to 
transmit the sound of the explosion. The two charges are then fired 
simultaneously from a shooting truck which is set up at a safe distance 
and is equipped with a radio transmitter to relay the instant of firing to 
the receiving points. The latter are individually equipped with either 
photographically recording mechanical seismographs or with electrical 
detectors connected to a three- to four-stage amplifier and oscillograph. 

The recording camera often contains another oscillograph element for 
the recording of the sound of the explosion, which is received by an elec- 
trical microphone (blastophone). A third element may be used to record 
the shot-instant signal picked up by the radio receiver, or the shot instant 
may be recorded on the seismic detector trace. The sound record serves 
to calculate the distance between shot point and receiving point. Since 
wind direction, velocity, air temperature, and barometric pressure must be 
known for an accurate evaluation of the record, the receiving units are 
usually equipped with meteorological apparatus. Mechanical seismo- 
graphs are set up in small tents, and electrical detectors are buried in auger 
holes several feet deep. The radio receivers are equipped with antennas 
strung out on bamboo poles, one on the recording truck and the other set 
up some distance from it. The receiving apparatuses with seismic, mete- 
orological, and radio accessories are carried in recording trucks, of which 
there are usually three to six to each fan party. These operate simul- 
taneously in fan arrangement for one shot and are then moved to the next 
portion of the fan, the shot being repeated at, or very close to, the original 
shot location. At the present time the fan-shooting technique in oil ex- 
ploration is more or less past history in this country, but it is still being 
applied in foreign oil exploration. 

In mining and in engineering applications the dimensions of the fans 
are small, and therefore multi-channel electrical equipment with a com- 
mon recording element is much preferred. Four to twelve electrical de- 
tectors are connected to a recording truck, recording trailer, or recording 
tent, which is set up approximately in the middle of tlu' an* of the fan. 
At this central recording point are the amplifiers and the recording camera 
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which contains as many galvanometer elements as there are channels. 
Communication with the shot point is generally maintained by wire and 
the same wire is used for the transmission of the shot instant. An ap- 
paratus that is adapted to extreme requirements of portability and does 
not necessitate the use of a truck or tent is illustrated in Fig. 9-1 14. 

C. Refraction Methods 

1, General, The travel of seismic waves in the earth is controlled by 
the same laws as is the propagation of light rays. Seismic waves are re- 
fracted and reflected on any interface at which there is a change in veloc- 
ity. Therefore, a deviation from normal travel time is observed when 
media of different velocities occur below. When the variation of travel 
time with distance has been determined, depths and nature of the refracting 
beds may be deduced from the travel-time curves. If the velocity within a 
given layer is constant, the seismic rays may be considered straight. The 
theory of wave propagation is based on SnelFs law of refraction and the 
principle of Fermat which states that seismic energy follows that path 
which enables it to travel from the shot point to the receiving point in a 
minimum of time. 

In refraction shooting, a charge is placed at one location and a number 
of seismographs are set up in a straight line, preferably at equal intervals. 
Profiles may be laid out in the direction of the strike, at right angles thereto, 
or in both directions. For dipping formations, profiles are shot both up 
slope and down slope. Depth calculations are based on a time-impulse 
analysis of the seismogram. Impulses are located which correspond to 
the arrival of different types of waves ; their arrival time is measured from 
the instant of the shot. In practice, only impulses of longitudinal waves 
are used. The first impulses or “breaks’^ are due to the deepest high-speed 
bed within range. If later impulses (due to shallower beds of lower 
velocity) are noticed, they may also be timed. However, depth calcula- 
tions may be based on first impulses only. Travel times are plotted 
against the distances of the various receiving stations from the shot point. 
Thus, the %avel-time curve is obtained. It consists of one line if only 
first impulses have been plotted, but it may have several branches if later 
impulses have been utilized. If the travel time curve is straight and has 
essentially the same slope for all distances, no higher-speed beds have been 
reacbed. When breaks (changes of angles) occur, they may be due to a 
variety of conditions. Several simple types are discussed below. 

2. Refraction equipment. Seismic refraction equipment is similar to 
and in many cases identical in general design with fan-shooting equip- 
ment, described on the preceding page. However, in refraction shooting 
there is greater opportunity to use multielement equipment with a com- 
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mon recording point. In oil exploration there are quite a number of prob- 
lems whieh can be successfully solved by refraction profiles of moderate 
detector intervals. Whereas the detector interval in a four- to six-mile 
fan is of the order of a mile, a refraction profile shot under similar circum- 
stances would utilize detector spacings of the order of 1000 feet. In mining 
applications, such as mapping of the bedrock surface on placer sites, the 
detector spacing would be of the order of 25 to 100 feet. In engineering 
work the detec t or interv al depends^ largely on the problem and would 

In the early days of refraction shooting, mechanical seismographs with 
individual setups, such as the Mintrop and the Schweydar seismographs 
(page 608), were widely used. These were soon superseded by electrical 
seismographs, such as those described in connection with the fan-shooting 
equipment for individual setups, and later hy multichannel equipment 
with central-point recording.' Reflec- 
tion seismograph equipment is well 
suited for refraction applications; de- 
tails are discussed on pp. 551-56. As 
a matter of fact, reflection equipment is 
used for refraction work in everyday 
reflection routine for the determination 
of the thictness of and the time delay 
in the weathered layer. A portable 
refraction apparatus suited particu- 
larly for shallow engineering and min- 
ing applications is illustrated in Fig. 

9-1 14a. 

3. Travel-time curve for vertical boundary. In Tig. 9-42 let Vi = 2000 m 
per sec. and V 2 = 4000 m per sec. Assume that the shot point is at 0 and 
that detectors are set up at the points 1 to 5 at 400-m intervals. The ex- 
plosion wave will reach point 1, 0.2 sec. after the shot has been fired, point 
2 in 0.4 sec., and point 3 in 0.6 sec,, point 4 in 0.7 sec., point 5 in 0.8 sec., 
point 6 in 0.9 sec., and so on. Plotting these times against distance gives 
a curve with a break above the contact. Since a travel-time curve of the 
same shape is obtained also for a horizontal layer, another shot may be 
fired some distance away from the first shot point. In case of a vertical 
fault at the surface as assumed here, the position of the break remains the 
same. If a horizontal boundary occurs at depth, the distance of the break 
from the shot point remains unchanged. The slopes of the two parts of 
the travel- time curve indicate the respective velocities below: 

cotan a = ™ = cotan j? = ^ = V 2 . 

dti di 



] \g. 9-42. Eefraction travel- time 
curves on vertical boundary. 
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4. Single horizontal layer. Equations for this case are obtained by 
considering the possible longitudinal wave paths through two layers. 
Vhen a charge is fired at J., waves radiate in all directions. For the wave 
traveling horizontally to location D, the time is 

= — (9-42) 

(see Fig. 9-43), and cotaii a — dsjdti = Vi . To find the path of the wave 
which reaches the receiver through the lower medium, consider the rays 
impinging on the boundary. If an incident ray subtends the angle <p 
with the normal to the boundary and the refracted ray subtends the angle 
\p, then, according to Snell’s law', sin ^/sin ^ = q = Vi/v 2 , where q = 

index of refraction. For a given index 
of refraction there occurs an angle <p, for 
which sin \l/ — 1; that is, the refracted 
beam travels along the boundary surface. 
^ If ^ becomes greater than this ^'critical’’ 

Pio. 9-43, Critical-ray paths, reflection takes place, 

single-layer case. Hence, Sin i = Vi/Vi = q. Evidently, 

A a 



Fig. 9-44. Wave fronts in upper and lower lavcr. 


the only ray which can reach the receiver by refraction wiW travel hori- 
zontally on the boundary of the lower medium. It strikes the boundary 
at the angle of total reflection and leaves it at the same angle. This 
statement involves the application of Huygen’s principle, since any point 
of the underlayer wave may be considered a source of new waves. 

While this wave proceeds with the velocity of the lower layer, impulses 
are continually sent upward into the upper medium, where? they propagate 
with the veloeit}^ of the latter. In Fig. ^1-44 locationa 1, 2, and C are 
considered such source points. Their distance is given by the product 
V 2 -/, with t as an arbitrary time unit. The “wave fronts” in the lower 
layer will occupy these positions in successive equal intervals of time. 
Similar wave fronts may then be drawn for the wave propagating from 




Chap. 0} 


SEISMIC METHODS 


507 


points 1; 2, and so on, into the upper medium, their spacing for the same 
time intervals being Vi-L Since in the schematic of Fig. 9-4-i the velocity 
ill the upper medium was assumed to be half that in the lower medium, 
the spacing of the fronts in the lower medium is t^vrice that in the upper. 

By joining points reached by wave fronts at the same instant, one ob- 
tains the front BC in the upper medium, which subtends the angle i vdth 
the boundary of the lower layer. Schmidt^® has coined the expression 
'‘traveling reflection” for this phenomenon. He showed that it is analo- 
gous to the bow wave which appears when a bullet travels ivith a velocity 
greater than that of sound in air (see Fig. 9-45), While the bullet is 
traveling with the velocity V2 , a compressional wave is produced around 
the front of the bullet which propagates with the velocity Vi (sound in air). 
Hence, the angle of the bow^ wave with the path of the bullet is given by 
sin i = V1/V2 . This wave does not 
occur if the bullet (or any other com- 
pressional impulse) travels with the 
velocity of sound in air or with less 
velocity. In the propagation of re- 
fraction waves, an analogous phe- 
nomenon occurs. In the lower me- 
dium the impulses travel with the 
velocity of that medium, and a bow 
wave can not occur. It appears, 
however, in the upper medium, for its 
velocity is less than the velocity of 
the lower medium. 

In Fig. 9^3, 4. 

AB' = C'L = d tan i and AB = CD = d/cos i. Then the travel time 
for the wave traveling the path ABCDh BC/v^; BC = 

5 — 2d tan i; therefore, 



9-45. Bow wave of bullet (adapted 
from 0. V. Schmidt). 


ti = —-\ cos I. 


C9— 43) 


Diffei'entiatioii of this equation gives ds/dt^ = = cotaii (5. Without 

physical contact with the lower layer it is tliiis possible to obtain the 
elastic wave velocity in the layer from the slope of the travel-time curve. 
Near the shot point the wa,ve traA^eling directly from H to D arrives ahead 
of the underlayer wave; beginning with the “critical” distauee x, it arri\’es 
later than the underlayer wave. A break occurs in the travel-time curve 
at the distance x, that is, for the simviltaneous anival of both waves. By 

' O. V. Schmidt, Zeit. Geophys., 12(B/6), 199-205 (1936). 
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equating (9-42) and (9-43), substituting x for 5, and multiplying both 
sides by Vi/ cos i. 





V^2 + Vi 


where (7i ^ ^ 



Va - Vi 

V2 + Vi 


is a constant for any area as long as OYorburden 


and underlayer velocities remain constant. A number of travel-time 



Fig. 9-46. Strike travel-time carve on anticline of Masjid-I-Suleimaii, Persia (after 

Rankine). 

curves for a single horizontal bed of varying thickness are given in Fig. 9-41. 
Fig. 9-46 is a good example of a depth determination in the single-layer 
case (limestone under shale on crest of anticline). 

From eq. (9-44) it is seen that the depth is always less than x/2. The 
break in the travel-time curve occurs at distances at least twice the depth 
when the velocity contrast is great, but the break moves further out from 
the shot point as the contrast is reduced. If q is refractive index and r 
its reciprocal (ratio of velocity in lower and upper medium), 


X = 2d 


31 Examples of depth calculations are given on p. 510. 
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In another method of depth computation, the second part of the trav^el- 
time curve is extended to the intersection with the abscissa, obtaining the 
distance Z). Then 

d — ^ tan i. (9-44e) 

A third method uses the time intercept U on the ordinate; 

d = |.V 2 .tan.f = ^ (9-d4d) 

A fourth method of depth ca,lculation is based on the time 4 of the 
intercept: 

The determination of depth is as accurate as the measurement of dis- 
tance between shot point and receiver, other things being equal. It de- 
pends, further, on the relief (ac- 
curacy of elevation correction), on 
the accuracy of timing of the im- 
pulses, and on the difierence in 
velocities. Other refraction meth- 
ods for the two-layer case, using 
different interpretation methods 
and different field technique, are 
discussed on pages 533 and 546. 

5. Two horizontal layers. In the single-layer case impulses past the first 
break in the travel-time curve arrive by the path A6HF (see Fig. 9-"47). 
If a third layer is within range, these will be overtaken by waves traveling 
along the path ABODE F, and the travel-time curve will now have two 
breaks. Let the velocities of the three media be Vi , V 2 , and V 3 , and the 
respective depths of their low^er surfaces di and . Then sin ^ = V 2 /V 3 , 
since the angle at C is 90®. For the remainder of the path in the upper 
layer, sin a/sin ^ = V 1 /V 2 . Substituting sin i3, sin a = V 1 /V 3 . 

In the expression for the underlayer travel time, (9-43), the first term 
represents the underlayer effect and the second that of the overburden. 
By analogy, the time for the path ABCDEF is composed of one under- 
layer time and two overburden times, so that 

^3 = £ + eos j 8 + — cos a. (9^5<i) 

V 3 Vs Vi 

The second part of the travel-time curve gives the velocity through the 
second layer, and the third part gives that through the third layer. By 


4 /• 



Tig. 9-47. Wave paths, two-layer case. 
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diflferentiation of eq. (9-45a), tan 7 = dhjds = 1/vs - Neither the first 
nor the second layer is effective after the break is passed. Tor deter- 
naming the depth , let k == h . By equating eqs. (9-42) and (9-45a), 
substituting X 2 for s, and proceeding as before, 

? i + diFl + ■ I - - (cos i - cos a)l = C?s. (9-45!)) 

2 K Va + V2 L sin z cos J 

All data for the computation of the depth of the lower surface of the 
second layer are obtainable from the travel-time curve, since sin i = Vi/v'2 , 
sill /S = V2/V3 , and sin a = vi/vs . The depth to the bottom of the seeon(i 
layer may also be calculated by extending the Vi and V3 portions of the 
travel-time curve to the intersection at the abscissa xn (Fig, 9”48). Then^^ 


dfi — di 


^13(1 — sin a) — 2di cos a 
2 sin i cos ^ 


(9-45c) 


Another convenient depth-calculation method uses the time obtained on 
the ordinate by extending back the third part of the travel- time curve. 
Then from cq. (9“45 g) , with ^ ts for s == 0 and for di — d\ ^ 

Tg = COS iS -I- — cos a. (9-4M) 

V2 Vi 


As an example of depth calculations in the single- and two-layer case, 
the curves in Fig. 9-48 furnish: u;i(= 0^12) = 1000m;a:23(= .'^2) == 3000m; 
.ri5 = 1750 m;vi = lOOOm-sec”^; V2 = 2000 m-sec“^; V3 == 5000m-sec'“\ 
Hence, sin a = V1/V3 = 11.5°; sin ^ == V2/V3 = 23.5°; sin i = V1/V2 = 30®. 

* . -.(i - , 289 

2 cos 2 0.866 


1/2 — di 


Also, 


_ rs 

2 y ^3' 


Vs + V2 


V2 , , cos z 
“1- cti 


cos a 


sin i cos 


= 1500 




5000 


5000 + 2000 


‘2000 , 0.866 - 0.979 _ o,. . 

-h 28 y — ^ .. — — oil rW) 


0.5-0.916 


di 


Xui\ — sia a) — 2di cos a 
2 sin i cos ^ 


1750-0.8 - 578-0.979 
0.916 


911 m. 


Schmidt, op. ciL, 7(1/2), 37-56 (1931). 
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Fkj. 0-48. Depth calculation of two layers from intercept distances (after O. v. 

Schmidt). 


(3. Three horizontal layers. 
The seismic ray follows the 
path ABCDEFGH; the ve- 
locities are Vi , V 2 , , V 4 ; 

the angles at- the formation 
boundaries are e, d, and 
7 as shown in Ifig. 9--49 
in which the two- and three- 
layer paths have been indicated for 'comparison. The angle at D 
is 90°; hence; sin r = VsM • Furthermore, sin ^ = sin §/sin 7 = 
and sin d = V 2 /'^ 4 . Also, sin i = sin c/sin 5 = Vj M and sin e = ViM . 
The travel time 



s 2(dz 

‘4 = — "T 

V4 


cos y + cos 6 + — cos <. (9-46!i) 

V3 V’s Vi 


Thefourtli part of the travel-time curve corresponds only Uj the velocit\- 
in the fourth layer, since du/ds = I/t, . For the simultaneous arrival 
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of the waves with the travel times <3 and ti , a break with the ab.sciasa X3 
occurs, and the depth ds may be computed as before: 


2 


^4 - V3 
Vi + V3 


+ 


~ (cos d — cos 8) + 
sin p cos 7 


di 

sin a cos y 


(cos a 


— cos 6) 
( 9 - 466 ) 





-mm 
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Fig. 9-50. Refraction profile, calculated section, and results of drilling (southern 
California). (Adapted from F. Rieber.) 


Again a more convenient method for depth calculation is the use of the 
travel time corresponding to the ordinate intercept. Then, from eq. 
), with s = 0, dz — ^ ho y and so on, 

cos 7 + — cos 6 + cos e. (9-46c) 

V3 V2 

Fig. 9~50 gives an example of a travel-time curve in the three-layer 
case, shot in one direction only'. This profile was made in southern Cali- 
fornia. The sedimentary section is probably Pico formation with sands 
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and shales of increasing velocity, and the lowest layer is igneous material, 
probably basalt and basaltic agglomerates. The depth determination 
based on the travel-time curve gives 1200 feet for this igneous material; 
a well drilled a mile away from the profile encountered it at 1140 feet. 

7. Mnltilayer case. If is the depth to the lower surface of an 
layer, ^ ” 4-i its thickness, v^ its velocity, and a; a refraction angle, 

then the travel time corresponding to the next (n + 1) layer is at the 
distance s: 

= — + 2 X/ ^^^-cos offt. (9-^7a) 

Wi l Va 

For depth calculations it is more convenient to use eq. (9-47a), as applied 
to the intercept travel time on the ordinate instead of the distance (x) 
intercepts. Hence, with T as (ordinate) travel time for r = 0: 

2^1141 = 2 23 ~ cos o!n. (9-476) 

1 Vn. 

Likewise convenient for depth calculations is the use of travel times 
corresponding to the distance intercepts . Substituting for s and 
solving for the thickness of the deepest layer, 

2^ cos % = +2 ^ cos Ok), (9-47c) 

V^n-hl k“l Vk / 

where in is the critical angle in the nth layer. 

By comparison with eqs. (9-43), (9-45a), and (9-46a), this is seen to 
give for the successive thicknesses: 


% 

Vi 


cos ii = ^2 — 


Xi^ 

w 


2 A 2 

V2 


cos ^2 = 




2h . , 

cos Zs = 4 — 

V 3 


/r2 , 2hi \ 

I - -I cos ai 

VV3 Vi J 

f x% I 2 Jx\ . 2A2 \ 

V4 Vi V 2 / 


and so on. Application of these formulas to depth calculations of five 
layers is shown in Fig. 9-51 and the schematic on page 515. Results 
of a seven-mile shot are shown there, evaluated in the form of velocities, 
intercept distances, and travel times corresponding to them. These data 
are entered in columns ii, in, and iv. Next is the calculation of all angles of 
total refraction fj, in columns v through vii. Similarly , the refraction angles 
at (k varies from 0 to n — 1) are calculated in columns viii through x. 
The procedure is seen to be in accordance with formulas preceding (9 45a) 
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and (9-46a). Next follows the ratio a;/v, and in column xii is given the 
time spent in all layers above the n**". For successive layers column xii 
is obtained by multiplying the 2h/y values in column xv by the cosine 
values in column ix. Column xiii is the sum of xi and xii, and xiii in 
turn is deducted from ii, giving 2hjv cos i in column xiv, which is divided 
by cos fa of column vi. Thus, the thickness (xvi) and the total depths 
(xvii) are obtained. 



8. Vertical steps and domes. Travel-time curves obtained on faults, 
terraces, buried escarpments, salt domes, and igneous intrusions often 
approach the simple cases discussed in the following section. Contrary 
to conditions treated previously, formations are not coiitiiuious in hori- 
zontal direction or are not parallel with the surface for the entire length 
of the profile. Hence, additional unknowns enter. These can be deter- 
mined by taking two profiles in opposite directions or by shooting at two 
shot points at different distances from the detector spread. In the fol- 
lowing discussion the direction of shooting is assiinaed to be at right angles 
to the strike; however, the same problems may also be handled by shooting 
parallel with the strike. 
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la the simple case illustrated in Fig. 9-52,^^ the first part of the curve 
is given by t\ = s/vi. Then follows, past the intercept a:i , the travel 
time k for a single horizontal layer. This iss/v 2 2d/vi cos i. Beyond 
the edge of the step the rays travel through the low-velocity medium only. 
Their path becomes increasingly horizontal with increasing distance so 



Fig. 9-52. Travel-time curve for deep- Fig. 9-53. Reverse travel-time curve for 
seated fault block. deep-seated fault block. 


that the travel-time curve past X 2 rapidly approaches the slope corre- 
sponding to the overburden velocity Vi . Then the travel time 

d e — d tan i . -f (s — eY 

_ -l -l 

Vi cos ^ V2 Vi 


or 


e , d cos z , V -f (5 ^ e )2 

1 T . 

Vs Vi Vi 


(9-48o) 


For greater distances the last term approaches s — e/vi , so that ds/dk — 
Vi . The distance of the scarp from the shot point is given by 

e = X 2 — d tan i] (9-486) 


d is calculated from Xi and i follows from Vi and V 2 . This formula will 
give only an approximate value, for X 2 cannot be accurately determined. 


Travel-time curves in these figures were calculated for long-range shots to 
determine regional basement structure. 
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If the same profile is shot in the opposite directiorij a travel- time curve 
identical with the one for a single horizontal layer, but with increased 
intercept distance, is obtained (Fig. 9~53). Hence, its interpretation 
alone would give too great a depth unless the same profile is shot in the 
opposite direction. Together, both travel-time curves furnish an accurate 



Tig. 9-M. Travel-time curve, Marafael, Venezuela (adapted from O. v. Schmidt). 


vakie for the location of the vertical face. If, from the up-scarp time 
d , 5 — c — d tan i \/ + dP 

tz — d II I II f 

Vi cos l Vi Vi 

the t 2 down-scarp time for the same distance, 

, 2d , s — 2d tan z 
v2 — ■. Hr } 

7i COS t 72 


is deducted, one obtains for e 

7i(4 — k) -h d cos i 



(9-4Sc) 


where e' is the approximate distance of the scarjrfrom the shot point calcu- 
lated from eq. (9-48h). 
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Combination of two travel-time curves, as in Figs. 9-52 and 9-53, gives 
the curve for a salt dome or intrusion with vertical flanks (see Fig. 9-39). 

stc. 



•kf and TtrUonf Sends and Clap 



/Isnsarf Limesta/it 



Lewer Cars 


Pio. 9-56. llefraction profile aci’oss strike of Masjid-I-Suleiman anticline, Persia 

(after Rankine). 


Ill some cases the assumption of a homogeneous overbureJen, as made 
here, does not furnish the actual travel times accurately enough. Then 
an assumption of a uniform increase of velocity with depth is required or 
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the section is split up into individ- 
ual layers as discussed in the 
preceding chapter. Data pertain- 
ing to the normal section may 
be obtained from off-dome travel- 
time curves.""^ 

Figs. 9-54, 9-55, and 9-56 are 
examples of the problem treated 
here, shooting downward from a 
faulted block, from the edge of a 
salt dome, and from a limestone 
ridge. 

When faults, scarps, terraces, and 
the like, have shapes indicated in 
Figs. 9-57 and 9-58, additional 
branches appear at the end of the 
travel-time curve because thefaulted- 
dovm portions of the high-speed 
media are witlhn range. Down scarp, the last part of the travel-time 
curve is given by 



Fig. 9-57. Travel-time curve for deep- 
seated escarpment. 


U = _i_. id, -f dd + 

Vi cos i Va 


+ V(e - c?i taa 4 (da - diY (g^ga) 

Ta 


If the displacement of the fault is small, the sloping path from the point 
of incidence to the bottom of the scarp may be assumed to be equal to the 
horizontal path along its surface, so that 


U 


2di cos^ 


+ i- + 

V2 


to — di) cosf 
Vi 


(9-495) 


By differentiation it follows that this part of the travel-time curve has the 
same slope as the second part. By subtracting from h , we obtain \i 
(see Fig. 9-57), which gives the height {d^ — rii) of the scarp: 

ck — rfi = cos i. i9 - 49c) 


In the reverse direction of shooting, the rays emerging from the top 
surface on the right are no longer parallel because of the different angles 
of incidence from below. This causes a deviation of the last part (U) of 


L Homan, A.I.M.E. Geophys, Pros., 493 (1934). 



520 


SEISMIC METHODS 


[Chap. 9 


the traTel-time curve from a 
straight liae. Where it is 
nearly enough parallel w'ith 
the k curve, the time differ- 
ence At may be determined 
and is again approximately 
proportional to the displace- 
ment d 2 — di . Fig. 9-59 is 
an example of the determina- 
tion of depth of overburden 
and displacement of a fault at 
the same time. The first part 
of the profiles shown are at 
right angles to a fault, and 
the second part (profile D) is 
in the strike of a fault, which 
had been located by torsion 
G. 9-58. Eeverse travel-time curve for deep- balance observations and by 
seated escarpment. wells. Faults are of commer- 

cial importance in this area, as the occurrence of hematite ore in the lime- 
stone is associated with the faults. In this case the seismic problem was 


S stc. 



Fig. 1)-59. Seismic refraction profiles, hematite district, Mill om, Cumberland, England 

(after Shaw). 
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comparati^^el^ simple, inasmuch, as the velocity in the red sandstone was 
almost identical with the velocity in the overburden. The profile shot 
down the fault from A is almost the same as the ideal profile of Fig. 9-57. 
However, in the second part of the travehtime curve the velocity is not a 
true but an apparent velocity, since the profile is shot down the dip. 
Therefore, the velocity in the last part of the travel-time curve does not 
coincide with that in the second part. Furthermore, the third part of 
the curve is not curved as required by the theory but is straight. 

B and C represent the up-fault and also the up-dip profiles, as far as the 
boundary between overburden and limestone to the east of the fault is 
concerned. This explains the negative apparent velocity in profile C, 
second part of the curve. Profile X> was shot in the strike, along the line 



Tig. 9-60. Schematic up- and down-dip travel-time curv-es. 


indicated in the figure. The travel-time curve is that of a single layer ; 
the calculated depth was 245 feet, the actual depth 257 feet. Considering 
that the dip is 10° and that the depth calculated from the refraction 
profile is the oblique depth, the discrepancy of 12 feet is reduced to 8 feet. 

9. Single dipping layer. In the cases preAuously considered, the travel- 
time curves gave, with a few exceptions, the true velocities of the sub- 
surface formations. For dipping la^^ers this is no longer true; the slope 
of the travel- time curve depends upon the dip. Hence, it no lonp:er repre- 
sents the true underlayer velocity but an apparent velocity wliich depends 
on both the dip and the velocity ratio. A.s seen in Fig. 9-60, the first 
part of the travel-time curve alwa^'s corresponds to Vi . If the bed dips 
away from the origin, the seismic ray travels a greater distance through 
the upper medium. This results in increased travel time, decreased ap- 
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parent velocity y%d , and increased intercept distance Xi . When the 
stratum dips up from the origin, the ray travels a greater distance through 
the- louver high-speed medium. Travel times are reduced; the apparent 
velocity (vzu) is greater than in the case of a horizontal bed and the inter- 
cept distance {x^) is less. The apparent velocity depends upon both dip 
and velocity ratio. One profile is not sufficient to determine velocities 
and dip. Hence, shots are fired at two points on one side of the spread, or 
else the direction of shooting is reversed and profiles are shot up dip and 
down dip. This may be accomplished by two shot points on either end 
of the profile, or by one shot point in the center of two receiver spreads, 
the former being the preferred procedure. 

In Fig. 9-61 let ^ be the dip, H the depth vertically below the shot 
point, and h the depth below the receiving point. Depths normal to the 
stratum are Z and z. The profile is assumed to be at right angles to the 



Fig. 9-61. Refraction path in dip shooting. 


strike, that is, m the direction of maximum dip. The first part of the 
travel-time curve is given by ti == sjvi . For the second part the time 
for the path ABCD = U ~ (AB + -f- 5(7/v2. Since AB = 

ZJc. 0 ^ i, DC = s/cos ij AD = 6*, FE ^ ID s cos <p, AI = s sin (p = 
Z ~~ z,FB ^ Z tan i,CE = z tan and W ^ID -FB 


Z ■{‘Z 


cos i 


j cos 

V2 


(9-50a) 


For theiip-dip case, substitute for Z ^ s sin and sin i/vi for l/v 2 ; then 


22 cos i . 5 . ^ . 

Yl ’ Vi 


(9-50!>) 


If for the down-dip case 2 = ^ + s sin (p. 


kd = 


2z cos i 


+ 


^ sin (i -f . 

Vi 


(9-50c) 
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Since Z = cos 9 ? and s = fe cos 


and 


, 2ir cos cos z , 5 . . . V 

[- ^ 

Vi Vi 


, 2H cos tf cos i , s , , V 

^2^ 1 sii^ ^ ^ 

Vi Vi 


(9-51) 


The apparent velocities for the up- and down-dip cases are obtained by 
diiferentiation of eq. (9-51): 


V2u = 


V'l 


sin (i — (p) 
Hence, eqs. (9-51) become 


and 


VW = T 


Vi 


sin (i ■+ (p) 


(9-52) 


and 


2H cos <p cos i ^ 

t YSa 


hd = 


2H cos <p cos i 

Vi 


V2d 


(9-53a) 


The true underlayer velocity is mt the arithmetic mean of the two 
apparent velocities. From eq. (9-52) 


^2 = 2 cos . (S-536) 

Vt4 H- Vd 


The true velocity has the same relation to the up-di[3 and down-dip 
velocities as a resultant resistance has to its component resistances in 
parallel. In the example of Fig. 9-63 (where V 2 « = 6190 and = 2790), 
the above formula gives Vs = 3795, whereas the arithmetic mean is 4190. 
From eq. (9-52) the critical angle ^ and the dip are calculated as follows: 


i = i (sin ^ — + sin"^ — \ 

\ V 2 u V 2 d/ 

1 / • — 1 Vi . Vi \ 

Ip = Hsin sin — 1, 

\ V2d V2u/ 


(9-54) 


and the true underlayer velocit^^ is obtained from V 2 = Vi/siii i. Fig. 0-02 
shows apparent up- and down-dip velocities for dip angles up to and 
for velocity ratios of four (i = 15°) and two {i = 30°). The variation is 
small down dip. On shooting up dip, the velocities changt' rat)idly wlnui 
the dip angle approaches the critical angle, and they hin'ouu^ plus and 
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minus infinite in this range and negative after dip angles pass the critical 
range. The lower layer is not detectable if f ^ exceeds 90°; the ray 
emerging from it does not return to the surface. 

The depths of an inclined layer under either shot point may be deter- 
mined from the overburden velocity, the up- and down-dip velocity, and 
the distances of the intercepts from the shot points. For the two direc- 
tions of shooting, two intercepts are observed, Xu and xa • As at the inter- 
cept, k = ku = kd and k = x/vi , we have, from eq. (9-51), 


Hu = Xu* 


— sin {i — (fi) 
2 cos <p cos i 


and 


1 — sin -f- <p) 
Xd* 

2 cos <p cos t 


where Hu is the depth vertically under the shot point when shooting up dip. 



Tig. 9-62. Apparent velocities for up- and down-dip angles from 0° to 40° (after 

Meisser) . 


and hd is the depth under the shot point when shooting down dip. Ey 
substitution of (9-52), 


and 


Hu 


hd 


Xu f 

1 - — ) 

2 cos (fi cos i \ 

V2../ 

Xd f . 


2 cos (p cos i V 

Vm/ 


(9-55!)) 




Calculation of depth proceeds, therefore, in the following order: (1) plot 
travel- time curves; (2) determine v^d and V 2 u ; (3) determine Xu and Xd ; 
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(4:) compute i <p,i — i, and p; (5) compute Vj ; (6) compute H and k; 
check result with s and p. 

Fig. 9-63 illustrates steps 1 to 3 in the evaluation of two travel-time 
curves. By step 4, sin {i - p) = = 0.259 ; i — = 15“; sin (i + <») = 

= 0.574; i -{■ p = 35° = 25°;^^ = 10°. Vg = Vi/sin i = 

H = 235 (1 - 0.259) /2. 0.985 -0.906 = 97.5m; A = 150(1 -0.574)/ 
1.97-0.906 = 35.9 m; s = 350 m; (H — h)js = tan = tan 10®. 

Determination of dip and depth of dipping layers does not necessarily 
require reversal of direction of shooting. Shots may be fired at two points 
on the same side of the receiver spread Shooting down dip, we find that 
the second part of the travel-tune curve is the apparent velocity vm ; 



I'lG. 9-63. Dip and depth calculatioa from up- and down-dip refraction profiles. 

shooting up dip it is V 2 u as before. The iatercept of hd ^hth ti moves up 
when shooting down dip, whereas it moves down when shooting up dip. 
Depths h and H may be determined from extended ordinate intercept 
times.^^ 

The relations derived in this section hold only if profiles are shot down 
or up the total dip, that is, at right angles to the strike. If profiles are 
not shot ill this direction, only an apparent dip in the direction of tlie 
profile is obtained. In Fig. 9--64a^® the plane A FED is the same as that 
represented in Fig. 9-61. When this plane is rotated about the shot point 
A in the direction AD'j the rays still travel in a plane at right angles to 
the dipping bed, AFE'D', whose apparent dip is If the azimuth of 

For formulas, see B. Gutenberg, Lehrb. Geophys., 3, p. 599, 

F. Cassmann, Beitr. angew. Geophys., 4(3), 358-363 (1934). 
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the profile AD^ is a (from the direction of maximum dip) the relation of 
apparent and true dip is given by 

sin = sin ^ cos a. 

The azimuth a may be determined by shooting two profiles each, up 
and down dip, at right angles to one another (Fig. 9-646), which give 



Fig. 0-64r/. Relation of apparent dip, true dip, and azimuth, (adapted from 

Gassmann) . 



four apparent velocities or 
two groups of up- and down- 
dip velocities: 


I 

Vk = 


Vl 

sin (i + (p\ 


(9-566) 


where k = 1, 2, 3, 4. The 
travel-time curves obtained in 
this case are indicated in Fig. 
9-640, and the azimuth of dip 
with respect to profile 1 is 

= (9-56c) 

V4V2 V3 — Vl 


Fig. 0-64h. Two profiles for strike and dip 
determination (adapted from Gassmann). If the apparent angle of dip 

<ti_ 3 iK measured in profile 1-3 
and the angle O 4-2 in profile 4-2 by using the relations given in eq. 
(9-54), then from (9-56a) : 


sin ^ 4-2 
sin (S>\-z 


= tan a. 


(9-56d) 
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The true dip is then calculated fram eq. (9-56a.). With the above 
formulas, relations may readily be set down foi- two profihNs making an 
arbitrary angle with each other. 

10. Two dipping layers. Travel times 
for two inclined layers are derived in the 
same manner as for the single inclined 
layer and the doable horizontal layer. 

Thicknesses of layers below the origin 
Avill be designated by H for up-dip shoot- 
ing and by h for down-dip shooting. 

A profile shot up dip in reference to the 
upper formation boundary may be down ^ 
dip m reference to the second boundajy. ^ Eg. (adapted 

In order to avoid ambiguity, the diree- from Gassmann). 




Tig, 9-65. Fay paths in two dipping layers. 


tioii of shooting will be referred to the upper boundary. With the nota- 
tions of Fig, 9-65, 


sin ii 


V2. 

Vs' 


sin ii = -i; 
V2 


Sin a sin /3 . . Vi 

— - = sin ti = — ; 
sin r sm 0 V 2 


7 = in ~f (V' and d = h — 


Therefore, 


sill 5 = sin [% — — if)] 


sin iS 
sin ii 


sin 7 = sin [ 2*2 — ^)] = 


sin a 
sin i \ ' 


{9-~57a) 


For details see Schmidt, op. cfL, 7(1/2), 37-56 (1931.). 
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The travel times are : 

(a) For up-dip shooting: 

isu == - sin (/3 — ^) 4 - HmI^qs (a: + <i!?) + COS 0 — ^)] 

V'l 


+ Hzu .'2 sin i\ cos t2 eos V' 1 


(6) For down-dip shooting: 


kd = - {Sd sin (a + ^) + hd[oos (a + ^) -f cos 03 — 9 ?)] 

Vi 


+ hd^ 2 sin ii cos k cos 


(9-57h) 


and the apparent velocities are: 


Vsu — 


ds 

dftzu 






sin (/6 — <p) 

Vi 


dtzd 


(9-S7c) 


sin (a + 

Depths may be calculated from intercepts ccl and CC2 012 , x^) in the 
up-dip and down-dip profile. As the relations for 0:127* and Xua have been 
given before eq. ( 9 - 55 ), it is assumed that Hi,hi , and <p are known. Tor 
the computation of H2 and use is made of the intercepts 0:23^ and 0:23^ ; 
or the first and third parts of the travel-time curve may be extended to 
the intermediate intercepts Xizn and a;i3d! . Then the depths follow from: 
(a) The Xiz intercepts: 

xizuil — sin 0 - (p)] — ffit*[cos (a + 9’) + cos 0 — ^)] ] 


H 2 u=^ 

and 


h 2 d=^ ~ 


1 


2 sin ii cos ii cos V' 

sin {a 4- 9 >)] — hidlcos (a + p) + cos (/? — p)] 


^ (9-58a) 


2 sin ti cos k cos \f' 

(5) The 0^23 intercepts: 

_ a’ 23 t.[sin (ii — 9?) — sin (fi — 9?)] — Hindoos (a + cp) ■+ cos 0 — p)] 


= 


2 sin ii cos h cos \I/ 


2 sin ii cos k cos 


=z ^23d[sin {ii p) ~ sin (a -f p)] — hu [cos {a + p) +■ cos 0 — p)] 


2 sin ii cos 1% cos \p 


hid 2 cos ii cos p 
2 sin ii cos h cos f ^ 


(9-58i>) 
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wliere the substitutions may be made, 


(ii — ¥>) — sin 03 — tp)] -- 


and 


[1 - l' 

'' Vzu . 


sin (ii + (p) — sin (a + (p)] = 


3:23d* Vi 




Computation proceeds in the following steps ; (1) Compute ii and ^ from 
formulas (9-54). (2) Determine V 2 = Vi/sin ii . (3) Calculate Hi and 



Fig. 9-66. Travel-time curves for two layers of same dip direction (after 

0. V. Schmidt), 


hi from eq. (9~55). (4) Find angles a and ^ from apparent velocities 

Vsu and Ysd (formulas [9-57c]). (5) Compute fo and (yp — ip) from (9--o7a). 

(6) Find pfxom {\p - <p) and (7) Calculate V3 = Y2/siu k • (S) Find 

H 2 , and (9) h from (9-58). 

Two examples are given below, one for boundaries of the same dip 
direction, the other for boundaries of opposite dips. The corresponding 
travel- time curves are shown in Figs, 9-66 and 9-67 and furnish the 
following numerical values: 
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(Fig. 9-66, AB = 2200 m) 


Up-Dip Pro pile 

Doto-Dip Profile 

vi == 1800m-sec”^ 

Vi = 1800 in-sec“^ 

V2u = 3415 m*se(i”^ 

vsd = 2700 m-sec'"^ 

vzti = 6530in-sec~^ 

Yu = 3495 m-sec""^ 

= 843 ml , , 

Mroirixl 
a*i3u = 11/4 mj 

== 677 mj 

The calculation proceeds as follows: 


( 1 ) ^ = [sin ii - p] = = 0.527 

V2« o4i 0 

= sin 31° 50' V = 5° 


^ = [sin + ^] = ^ = 0.667 = sin 41° 60' 


ii = 36° 50' 


( 2 ) 

(3) 


Tx 1800 -1 

Vj = = 3000 m-see 

sin. ti 0.6 


rj a:i2t,[l — sin (ii — (p)] 843(1 — sin31°60') 

^ ^ _ 


2cosiicos^ 2-0.8*0.996 

_ a:i2£e[l — sin (h <p)\ _ 2 75(1 — sin45°50 ') 


250 m 


2 cos ii cos <p 


2.0-8-0.906 


= 57.5 m 


(4) = sin (^ - ^) = = 0.2756 = sin 16“ 

SOoU 

W I ^ 1800 n Cl Eft • oi 0 

— = sin (a + (^) = = 0.5150 = sm 31 

Vsd 3495 


0 = 21 ° 
a = 26° 


(5) “ = .sin -f (V- - v>)l = = 0.729 = .sin46°50'; ^ - <p = b°. 

U.o 


sin ii 
sin /5 


sin h 
( 6 ) ^|^ = 10 ^ 


= sin [i 2 - {iP - <p)] = - ~p = Q.598 = sin36‘^50^ 4 = 4roO' 


V 3 


sill H 


3000 

0,666 


4500 m*sec 


(7) 
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(8) H 


3^i3ii[1 — sin. (M — y)] — Hi[cos jot p) 4- cos Q? — y)] 
2 sin ii cos ii cos yp 


2 sin ii cos ii cos p = 2 •0.6-0.745 -0.985 = 0.881 


cos (a + + eos (/3 - ^ 9 ) = 0.961 + 0.857 = 1.818 

Hi = . [1174(1 - 0.2756) - 250-1.818] = 450 m 

D.ooi 

, — sin (a + <p)] — (o! + ^) +• cos Os — i 

Il2d = ^ , 

2 sin ti cos ^2 cos ^ 

= [677(1 - 0.515) - 57.5-1.818] = 252m 

U.ool 



Fig. 9-67. Travel-time curves for two layers of opposite dip direction (after O. v. 

Scliniidt). 


Fox the second example. Fig. 9-67 furnishes the following data : 


(Fig. 9-67, AB = 2500 m) 

Up-Dip Profile Dow-Dip Profile 


Vi = 1800 m-sec” 

Vi = 1800 m- sec” 

Y2u = 3230 in -sec' 

V 2 ,i = 2805 m - sec” 

Vsu = 4:370 iri'Sec" 

Vu =4710 m-sec” 
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Xjsu = 1006 m 
xssu = 1325 in>from A 
= 890 m 


Zwd = 1085 m 
xisd — 1890 m 
Xi 2 d = 525 ni 


HromB 


III the calculation, steps 1 to 3 arc carried out as before and give; 

^ = 3°; i = 36° 50'; V 2 = 3000 m-.sec~^ = 250 in; hi,/ = 119 m. 

Vi 


(4) 


1800 


= sin ip-v) = "4";' = 0.412 = sin 24°20'; ^ = 27°20' 
V3„ 4370 


Vi 


1800 


(5) 


= sin (a + ^) = ^ = 0.383 = sin 22°30'; a = 19°30' 
Vid 4700 

“ = sin [k + (f - >p)\ = = 0.557 = sin 33°50' 


sm h 


sin /3 
sin 


0.6 


0.459 


= sin [U - (f - ^)] = - 0.764 = sin 49^50 


(6) 

0 

1 

11 

'P - < 

(7) 

V2 

_ 3000 . 

Vg = 

sin ^2 

0.666 

(8a) 

■f f 13 1 / [ 1 

ii2a — 

- sin (5 


0.6 

t2 = 4^50 


f 


[1 — sin (/3 — <^)1 — i/’i[cos (a 4* (/?) + cos — v?)] 
2 sin zi cos io cos yj/ 


2 sin ii cos Z 2 cos = 0.891 

cos (« + </?) + cos (IS — (p) — 1.835 

H 2 u = [1006-0.588 - 458] = 150 m 

0.o91 


( 8 b) H 2 . = 


3123, . [sin (f i - tp ) - sin 0? — y) ]- H i,, [ cos {a + <p) + cos (g - <p )\ 
2 sin ii cos k cos 

4“ 7/iu-2 cos ii cos <p 
2 sin z'l cos k cos \p 


1 

0.891 


[1325-0.145 - 458 + 250-2-0.8-0.997] = 149 m. 
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This checks results obtained with different (rcisu) intercept. 


(9) 


.■risdEl — sia (« + p)] — hidicos (la •+- p) + cos (3 — 
2 sin ii cos ii cos f 


1085[1 - 0.383j - 119.1.836 
0.891 


508 m. 


For the ca,lculatioii of depth and dip of several layers it is noted that the 
travel-time foimulas given here for two inclined beds may be written in 
the same fom as those used for depth calculation of horizontal layers. 
For example, for a single dipping layer the np-dip travel time may he 
written 



2hi cos <fi 


cos ii. 


Similarly, for two layers 

, ITtt , hi r / I \ I /a M I 2^2 COS ^ • 

tin — — d — [cos \oi-\- <fi} -+• eos (j3 — p)] -i cos it , 

Vsu Vi V* 

which for p = 0 takes the form previously used for depth calculation of 
three layers: 

Xj , 21ii , 2fe! . , 

ts= - eos ai H cos ig, and so on. 

Vs Vi V2 

10. Varidnts oj refraction method using different interpretation procedures. 
The interpretation theory discussed in the preceding sections is based on 
the assumption that the seismic rays propagate in individual media of 
constant velocity along straight lines and are refracted in accordance v-ith 
Snell’s law. In addition to the above, there are other interpretation pro- 
cedures. One uses curved rays resulting from a uniform increase in ve- 
locity with depth. Another applies a graphical method involving the 
pattern of the wave fronts of seismic impulses at progressive time inter- 
vals. A third method abandons the assumption of refraction according 
to Snell’s law and operates with vertical incidence upon the underlayer. 

(a) Vertical-ray intcrprefation. This method arose from observations of 
angles of emergence with a two-component seismometer, which indicated 
noai’l,v vertical angles close to the origin and led the earlier exporimen tens 
to conclude that Fermat’s principle did not hold in all cases. It is now 
known that tlieir results were duo to the existence of the weathered Inver 
which causes the emerging ray to be deflected into a practically vertical 
direction. Tvevertheless, vertieal-ray theory ha.s a practical apidication 
as a simnlification of refraction theory where considerable contrast between 
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formation members exists and where, therefore, the oblique overburden 
path does not differ sufficiently from the vertical path. In weathered- 
layer procedure in reflection shooting, interpretation is based almost ex- 
clusively on vertical-ray propagation. The following paragraphs contain 
derivations of vertical-ray formulas for the single and double horizontal 
layer, and for the single and double inclined layer. 

In the case of a single horizontal layer, the wave is assumed to travel 
vertically to the lower layer, to travel along the interface with the velocity 
of the lower layer, and to come up vertically. Hence, h = 2(i/vi -f , 



Fig. 9-68. Error of vertical-ray calculation as a function of velocity ratio. 

so that the slope of the second part of the travel- time curve dsjdk = V 2 
For the intercept, 5 = r, so that 

d = I (1 - sin i) = I , (9-S9a] 

whereas the application of Fermat^s principle gives 

^ a; (1 — sin i) 

of ^ — - - 

2 cos % 

which for an angle i of 30° is ^Fermat = dvert.*l '15. With dr as depth 
determined by the refraction interpretation and as depth from vertical- 
ray interpretation, the error (dr — dv)/dr = 1 — cos L Fig. 9-68 shows 
this error as a function of the velocity ratio Vi/v 2 . 
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In the case of the double horizontal layer we have for the intercept xn *• 
_t?i/vi + X 2 s/y 2 == 2di/vi “h 2(^2 — di)jvi + x^^/vz, which leads to 


+ ??? /l - lA 

T2 \ Vj 

For the refraction, path the .corresponding depth. 

^23 


(9-595) 


ds “ di “h 


ill) 

2 C0SZ2 


+" d} 


cos H — cos a 
sin ii cos fi ^ 


that is, the simple cosine ratio previously mentioned applies here only to 
the first term. The error increases as more layers and less velocity con- 
trast are involved. 

In the case of a dipping layer the underlayer travel time for vertical 
propagation is given by 


fe = 


?Jl5 4- 1 
Vx ^ 


where the symbols have the same meaning as in formula (9-50a). Sub- 
stituting e = 5 cos Z' = H cos 2 : = h cos tp, 


= “ (2iir,4 cos 


■ o ain , 


8^ COS ip 


t 2 d — ~ (2/ii cos <p Sd sin <p) 

Vi 


V 2 


By differentiation, 


dhv . 

ds 


sin <p , cos ip 

Vi V2 


2 

V2u 


and 


so that 


dkd „ sin ^ cos <f _ }_ 
ds Vi Vs Vsd^ 


Hu 



2 cos;£> 


Td 

and h = - - 



2 cos <p 


(9-59c) 


These relations differ again by the factor cos i from those previously given 
for the depths calculated for the refraction path. 

If in the case of the double inclined layer aud Zd are the depths 
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nomal to the interface between the two upper formations, and Zu and '4 
the thicknesses of the second formation (normal to the interface between 
the second and third formation), 



(b) Wave-front diagrams. In addition to the analytical methods dis- 
cussed ill the preceding graphical methods may be employed 

in the solution of travel-time problems. They involve the construction 
of ‘Vave-front diagrams’’ which have the advantage that the advance- 
ment of the seismic wave through geologic formations, both simple and 
complex, may be more readily visualized. Their principal application is 
in indirect interpretation. From a preliminary evaluation of a travel- 
time curve, an approximate geologic profile may be constructed. Then 
the wave-front diagrams are drawn; travel times obtained from them are 
compared with the field data; and the geologic section is changed until 
complete agreement is obtained. Their construction has been described 
by Thornburgh® and E. A. Ansel.®^ 

A wave front is defined as the surface, which a given phase of a seismic 
impulse occupies at any particular time. A wave-front diagram is a graph 
showing a iiiimber of such surfaces for many successive instants which for 
convenience are chosen a given constant time-interval apart. In an in- 
finite isotropic medium the wave fronts are spherical shells; their inter- 
section with a vertical plane is represented by circles; their spacing is 
proportional to the velocity. If the time between consecutive wave 
fronts is At, the spacing is = 7 -At, However, wave fronts are circular 
only in such portions of a layer in which the propagation is not disturbed 
by an adjacent formation (see Fig. 9-69). 

The construction of wave-front diagrams for several layers proceeds as 
follows; Draw a series of concentric circles about tlie shot point in the 
upper layer, and calculate their spacing from the above eciuation. Draw 
the angles of incidence on the formation boundaries involved (critical and 
refraction angles). The point of incidence of the critical ray on the first 
boundary is then determined; wave fronts in thc 3 low^er layer are drawn 
about this secondary shot point, their spacing being proportional to the 

38 A.A.P.G. Bull., 14 ( 2 ), 185-200 (Feb., 1930). 

39Gerl. Beit., Erg. Hefte, 1 ( 2 ), 117-136 (1930). 



Chap. 9] 


SEISMIC METHODS 


53 ^ 


velocity in the lower layer. The underlayer fronts are advanced farther 
than the corresponding overburden fronts. Since there can be no dis- 
continuities, the lower wave front has to be connected to the corresponding 




Fig. 9-69. Travel-time curve and corresponding wave fronts in three horizontal 
layers (adapted from Thornburg). 


upper front. This is done by drawing lines through the upper points of 
the underlaj'er wave front normal to the critical angle of the emerging my 
to intersection with the corresponding wave front in the upper medium. 

As seen from Fig. 9-69, a straight wave front (contact front) results. 
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which moves upward along the contact curve (a parabola) and reaches the 
surface at the point of the intercept in the travel-time curve. In a two- 
layer problem, the angle of incidence on the first and the critical angle h 
on the second interface are determined. Wave fronts in the second layer 
are completed; the point of incidence on the third layer is determined; 
and wave fronts in it are drawm with a spacing corresponding to the ve- 
locity in the third layer. Connections with the wave fronts in the second 
layer are made again as before, the second contact front being parallel 
with the angle of incidence on the third layer (see Fig. 9-69). With in- 
creasing distance from the shot point, only contact fronts will be present 
in the upper layers. 

With a wave-front diagram, a depth determination would proceed as 
follows in the case of one layer: (1) Draw circles with interval about 
surface shot point. (2) Locate intercept distance. (3) Lay off the angle 
% from the surface; draw a line through the point of intercept; and draw 



Fig. 9-70. Wave fronts, dipping layer (after Ansel). 

parallel lines thereto with a spacing of (spacing in horizontal direc- 
tion, Vg/). (4) Find intersection \\ith ViA^ curves and draw contact curve. 

(5) Determine depth by intersection of ray (90 — z) from shot point and 
contact curve. For two horizontal layers the procedure begins with the 
location of the second intercepts after the above steps have been followed 
and the first interface has been constructed. Then the break ^23 is lowered 
down to this interface by using the refraction angles a. Hence, a sec- 
ondary shot point is established on the interface. From then on the 
problem is treated like the single-layer problem. 

To obtain depths below shot points and dips of inclined layers, the 
direction of dip is first established from an inspection of velocities and 
intereopts. Then the construction proceeds as follows: (1) Draw circles 
at intervals As about shot points & 1 and S 2 (Fig. 9-70). (2) Locate 

breaks in travel-time curve. (3) Determine angles i ^ and i — (p from 
sin {i - <p) = vi/vs. and sin (/ + ^p) = Vi/V2d . (4) Lay off angles (i + p) 
from the down-dip and angles (•/ — ip) at the up-dip shot points, with a 
spacing (at right angles to the wave front) of Asi . (5) Locate inter- 

sections of these parallel lines with upper layer wave fronts, thus obtaining 
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points 1, 2, 3, 4, and so on, on the left and corresponding points on the 
right (see Fig. 9-70). (6) Draw contact curves on both sides, (7) Draw 

a tangent to the two contact curves, obtaining depth and dip of stratum. 
(8) The dip of the lower layer is given by the diagonal of the parallelogram 
formed by intersection of the two underlayer wave fronts. (9) The ve- 
locity and spacing of wave fronts in the lower layer is given by the length 
of this diagonal. 

The case of three inclined layers is treated in a similar manner. Is 
before, the essential point is to lower the surface shot points and xn inter- 
cepts to the first formation boundary. A secondary shot pwint below Si 
is given by the angle a, which follows from sin (a + ^) = Yl/^ 



Wave fronts are drawn about this point with the spacing , corre- 
sponding to the velocity Vo previously determined. The location of the 
secondary shot point on the other side is given by the angle of emergence 
/3 which follows from sin (/? — ^) = Vi/vg . After the shot point has 
been projected on the lower layer, wave fronts are drawn about it with 
the spacing As 2 . After secondary shot points and secondary breaks have 
been established on the first interface, the construction proceeds as before. 
Wave fronts of the second contact wave are constructed by drawing 
parallel lines from the secondary breaks down to intersect with the wave 
fronts with the velocity^ Vo . The inclination of the wave front of the 
second contact wave is given by the angles fa — (i^ — ^) and h ■+ {i/ — <p) 
(see formula [9-57<2]). Contact curves are constructed from the points 
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of intersection with the ■V 2 fronts. The second interface is tangent to 
these two contact curves. 

Wave-front interpretation may be used not only for an analysis of 
simple travel-time curves but also for more complicated types of struc- 
tures, such as faulted strata, salt domes, and the like. A number of 
examples of the application of wave-front methods to such types of struc- 
tures may be found in Thornburgh’s and Ansel’s articles previously re- 
ferred to. Fig. 9-71 illustrates travel-time analysis by wave fronts for 
a sloping terrace. 





(c) Curved-ray interpreMion. While vertical-ray and wave-front inter- 
pretations are a matter of preference over standard refraction methods, 
curved-ray interpretation becomes a necessity where the overburden por- 
tion of a travel-time curve is not straight. This curvature may also occur 
on later portions of travel-time curves. However, its presence in the first 
layer is the predominant condition. CTirved rays occur in thick sections 
of sedimentary beds over basement rocks and in surface-weathered layers 
above more consolidated formations. In each case, the type of travel- 
time curve obtained and the interpretation problem resulting therefrom 
are identical. The mathematical theory has been treated by several 
authors.^® 

^ B. Slichter, Physics, 5(S}, 273-295 (Dec., 1932). H. M. Rutherford, Anier. 
Geophys. XJnioa Trans. 1933 (Seism), 289-303; Soc, Petrol. Geophys. Trans., V, 
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In the following analysis it is assumed (see Fig. 9~72a) that the velocity 
increases linearly from Vo at the surface to Vi at the bottom of the top 
layer, changes abruptly to V 2 , and remains constant in the second layer. 
Then the upper velocity as function of depth is 

Va = Vo “h Ish. (9~60a) 

In the upper layer the rays travel in circular paths; their radius of 
curvature depends on the vertical velocity increase k. The locus for the 
centers of curvature is a plane whose distance from the surface is given by 


y = - 


Vo 

k ‘ 


(9-60h) 


The travel-time curve is no longer straight and the surface velocity is not 
constant. By differentiation with respect to distance, an ‘‘apparent'^ 
velocity is obtained (eq. [9-62]). 

For an arbitrary number i of thin parallel horizontal beds, the paths for 
the incident and emerging rays are identical in the same stratum. The 
horizontal displacement of the ray due to refraction is 

i-n 

a: ~ 2 2 hitm aiy (9-61 a) 

i-l 


since in each bed the distance is decreased by the amount hi tan ai . The 
travel time for the downward and upward (curved) paths is therefore 


« = 2E 


i=i Vi cos ai 


(9-61i) 


- 


where /li/cos represents the oblique 
path within each layer. According to 
Snells law, sin ai/sin ai+i = Vi/ViS-i or 
sin ofi/vi = sin ai 4 i/Vi 4 i = constant 
= C for each ray. Since sin a/v = 
sin fo/vo (where io is the angle of 
emergence as indicated in Fig. 9-72h, 
and Vo is the surface velocity), the 
constant C may he deterniined at the 
surface by graphical differentiation of 

the travel-time curve. If v Ls the apparent velocity, it is seen from the 
figure that sin io = Vo/v; therefore. 



Fio. 9-726. Apparent and true 
velocity. 


sin a 


c 


(9-62) 


] 17-120 (March, U)35)- M. Ewing ajul Don L, Lect, A.LM.E. Cit^ophvs?. Pros. ,245- 
270 (1932). M. Ewing and A. P. Crary, Soc. Petrol. Oeophys. Trans., V, 154--1C)U 
(March, 1935). M. M. Slotnich, Geophysics, 1 ( 1 ), 9-22 (Jan., 1936). 
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It is further seen that if sin a == 1, the apparent surface 'Velocity is equal 
to the true velocity in the deepest bed reached, that is, the bed corre- 
sponding to the depth of penetration (see Fig. 9'-72a), which is 


Vo (1 — sin z'o) 

t — 

k sin to 


(9-63a) 


This relation applies, of course, only to the part of the travel-time 
curve ahead of the intercept, that is, to the ray in. the overburden. The 
travel tinae for a ray corresponding to the distance z with the angle ^o is 


t 


1 , 1 + cos to 

loge r 

k 1 — cos to 


and the distance 


X 


2 Vo cotan u 

k ‘ 


(9-635) 


(9-63c) 


Since to may be detennined by graphical differentiation of the travel- 
time curve at any distance Xy k may be obtained from eq. (9-63c). A 
calculation of this kind is illustrated in Table 57-A. The observed data 
in the first two columns are distances and travel times; next follow the 
apparent velocities from which the angles of emergence at these distances 
are calculated. Application of formula (9-63c) then yields the vertical 
velocity^ increase k, which, for an ideal travel-time curve, has to have the 
same value for any distance. The next set of columns contains a compu- 
tation of penetration-depth from formula (9-63a), although for bedrock 
or basement-depth determinations this part may be left out. 

The method followed in the calculation of the depth of a high-speed 
layer of presumably constant velocity beneath an overburden of linear 
velocity increase will be evident from the following discussion and reference 
to Fig. 9“72r. In the latter D = AE = shot detector separation, Vo = 
speed at surface, Vi == speed at base of the overburden, V 2 = speed of 
underlayer, a == angle of incidence at contact, p = radius of arc ABj and 
t = travel time of refraction wave from A to E, 


Since PB = Vo/k + h, = Yq A- kh, and h (vi — Vo)yk, we have 
PB = Vo/k -f (vi — Vo)/k = Vi/k. Further, since sin a = Vi/V2 = 
PB/f), vi/vo is Vi/kp, or p = Vo/k. 

The travel time of the trajectory ABCE is Iab + tsc +- ics , where Ub “ 
tcD = / ds/v. The value of s is pip\ and ^ is o; — y; p and oc are given 
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by tke expressions in the preceding paragraph. Sin v = Vo/kp => 
(v — kh)/kfi. Hence, sin ^ = v/pk and s = p arc sin v/pk. Therefore, 



Fig. 9-72c. Depth deteriainatioa in curved-ray method. 
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or 

t» — ^■|[cosfe“‘ (jtfvo) — \/l — (v"o/Vs)^] 

— [eos h~^ (vj/vi) — Vl — (vi/7s)^] j + ^ - (9-65' 

If ve let /(i) = cosfe'* (1/r) - Vl - 1 \ mthr = vo/vj and i' = Vi/vs 
respectively, eq. (9-65) becomes 

f, = 5 + I [/(i) - /(rOJ. (S-66«) 


Fig. 9--73a shows the variation of r Avith /(r) and is valid for any condi- 
tions- If 


I Ifivo/Vt) - f{vi/rt)] = T, 



Fig. 9~73a. Craph of /(r) for rurvod-ray inter- 
pretation. 


then 

= 4-r- (9-66c) 


The application of these re- 
lations is as folio v’s: Assume 
k to have been determined 
from the first part of the 
travel-time curve, as shown 
in Table 57-A. If, further, Vg 
has been measured in the 
second part of the travel 
curve (past the 3000-m inter- 
cept in the example), the 
value of the time function T 
may be calculated from form- 
ula (9-666) for various depths 
(and therefore for various 
values of Vi). In this manner 
a curve T = J(k) is obtained, 
as shown in Fig. 9-736. For 
the depth determination, T is 
calculated from the travel- 
time curve by subtracting, in 
accordance with formula 
(9“66r), the value of Z)/v 2 for 
each distance as shown in the 
last set of columns in Table 
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57-.4. This gives, for each distance, a constant value of T, from which, 
in turn, follows the depth by applying the graph of Fig. 9-73&. If, in 
the example, a uniform velocity (of 1881 m-sec were taken to the 
30CK)-m intercept, the depth would be 1097 m instead of 1375 m. 

IL Variants of refraction method using different field technique. The 
methods discussed in the following paragraphs employ such modifications 
of refraction technique as afford short cuts in the more elaborate methods 
of depth calculation. These methods are (1) the arc method of structure 
mapping, and (2) the method of differences (ABC system) . They involve 
a more direct determination of time dijfferences which are evaluated in 
terms of overburden thickness. 



n 1^— I ! I l L_J ^ I \ I t- I- I 1 J I - I 

0 02 a4 (?J 02 to 7,2 U IS W 2,0 22 24 2,6 fJ 3,0 3,2 34 


Depth in km (h) 

Fig. 9-73&. Graph of T{h) for depth interpretation (basement rocks). 

(a) Arc method of structure mapping. In this method time differences 
of fans are correlated with refraction profiles connecting the fan shot 
points. Thus, a time-contour map of subsurface high-speed beds is ob- 
tained and converted to a depth-contour map. The method is applicable 
to low^-dip structures only/^ The shot points are generally laid out along 
the strike in a longitudinal traverse (Tig. 9-74(3), and reception points are 
arranged in overlapping fans on the circumference of circles about these 
shot points (tangential profiles, Tig. 9-746). Time differences are calcu- 
lated, as shown below, and plotted for both profiles. With a suitable 
scale the time curve will indicate the profile of high-speed formations. 

Depth calculations are based on simplifications of formulas previously 
derived- If in eq. (9“50a) the substitution 1/vi = l/v 2 sin iis introduced, 


^Uones, op, cit,, 169-173 (1933).* 
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the tra,vel time U = Z cotan i/vz + s cos ipjv^ -f z cotan I'/vs ; -wnth Co = 
Z cotan if V 2 as shot point constant, C = cotan i/v 2 as depth point constant, 




-C'z 

V2 

Sict/xb 

■ZO.5 

(9-67o) 
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Pig. 9-74- {a) Longitudinal, and (b) transverse profiles, with travel times and lime- 
stone profile (arc method). (After Jones.) 


Since cos 1 for small dips, the depth at any point 

2 = - Co), (9-67i) 

which, strictlv speaking, is depth normal to formation but for small dips 
may be taken as vertical depth. With t' = ti — s/v^ , eq. ( 9 -()7?h niav* 


t’ - Co) 


(9-67 c) 
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The constants and Co are obtained from refraction profiles shot at 
the starting point in two directions. It remains necessary to reduce all 
shot points to one datum, that is, to eliminate differences in their shot- 
point constants by referring all times to the Co of a reference point. If 
at a reception point common to two overlapping fans a difference in time 
of — ^02 corresponds to shots from two different points, their difference 
in shot-point constant is 

Coi Cq 2 = toi ““ ^02- (9~67d) 

Adjusted times are plotted against the location of depth points; points 
with equal time differences are connected by isochrons which, barring 
velocity variations and steep dips, give a true picture of the depth con- 
tours of the structure. 

(b) Method of differences (ABC syetem). This method has been applied^^ 
by the Imperial Geophysical Experimental Survey for the determination 
of irregular bedrock surface in gold placer channels and is in widespread 
use in reflection shooting for calculating the delay in the weathered layer. 
It consists of shooting at A (Fig. 9-75) and receiving at B and C, then 



A 
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£ 

o o 
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Fig. 0-75. ABC system (method of differences). 


shooting at. C and receiving at B. This gives the depth under B where 
one or several receivers may be set up. One receiver is sufficient at A 
or C. Since in placer and weathered-laAW problems, the velocity contrast 


A, B. Edge and T. H. Laby, Principles and Practice of Geophysical Prospecting, 
pp, 339-341, Macmillan (1931). 
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is great, -vertical ray propagation may be assrimed so that the travel 
times are: 


(!) at B, shooting from .4 : W = — + — + — 

Vi 'V2 Vi 

(2) at B, shooting from C : fee = — + — + — 

Ti Vi Vi 

(3) at C, shooting from A: toA = ~ + 4- — 

Vl Ts Vi 

Adding the fiist two equations and subtracting the third, -we get 

= (9-68) 

The overburden velocity Vi is determined from ^Aori-raiige profiles or 
(for deep reflection «hots) by providing a shot-hole receiver at A. In 
reflection-correlation shooting, the shot at A is a regular reflection shot 
with five receivers set up near B and one receiver at C. This receiver is 
then removed and the second shot placed as shown. In continuous pro- 
filing, the reverse reflection shot automatically performs the function of 
the weathering shot from C. 

D. Reflection Methods 

1. General Problems. Reflection methods differ from refraction pro- 
cedures in that not the first impulses but later impulses are utilized for the 
depth ealculations. Hence, a principal problem in reflection shooting is 
to separate reflected impulses from all others of a different character, 
that is, not only from the first high-speed refraction impulses but also 
from low-speed surface waves and other refraction impulses arriving after 
the first impulses. A separation is possible (a) in regard to time, and ih) in 
regard to amplitude. In the design and arrangement of detectors, as well 
as in field technique, various measures are taken to accomplish this. 

A universally adopted means for time separation of impulses following 
in rapid succession is high paper speed (10 to 15 in. seo.“^) and near- 
critical damping of overall channel response. A record taken with an 
underdamped receiver at refraction-record spee^d would scarcely show any 
reflections. An overlap of interfeiing impulses with rcflecTiuns may ofte!! 
be eliminated by changing the distance of the entire spread from the shot 
point. The principal means of segregating refractions from reflccUioiis i.^ 
the use of a multiplicity of receivers (six, eight, or twelve). Intcrhuing 
impulses (such as refractions or surface Avaves) will arrive at each reo(‘iver 
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in proportion to tiie speed of their respective media, wherens the reflected 
waves (because of their almost vertical incidence) arriv^e virtually at the 
same time and have therefore a high apparent, velocity. 

When multiple receivei-s are connected in series groups, there is an addi- 
tional possibility of eliminating refractions and reinforcing reflections. In 
the example illustrated in Fig. 9“7(>, eight seismometers, connected to- 
gether, are set up at distances var3ing from lOOO to 1 100 feet from the 
shot point. WTien a reflection of 40-cycle frequency with an apparent 
velocity of 100,000 feet per second strikes the group of receivers, the im- 
pulses are virtually in phase and hence reinforced. Conversely, when a 



V - mo ff-sn* 

A-JIHOff f'FOcps Avtnpt wJoc/fq S/JODfisec"^ 

Hon rffL bfdaf OOPOff 

Fig, 9-76. Wave summation in series detectors (after McDermott). 

refraction, surface, or ‘‘ground roll” wave passes the receivers, the velocity 
is so low (2000 ft. sec.~^ in the example) that the phase difference between 
each receiver is 1/1 40 sec. , and cancellation occurs except for the beginning 
andoiid of the ground wave. The peaks shown in the figure are not serious, 
a.s they are much smaller than the amplitude of the reinforced reflected 
wave. 

A decrease in the amplitude of interfering impulses is often made pos- 
sible by judicious placement of shots and selection of charges. By placing 
them under the unconsolidated weathered layer, the amplitude of the 
surface wavu^s at the end of the seismogram (ground roll) is reduced, and 
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better confinement is obtained. Sometimes the refleetion amplitude can 
be increased, compared with the refraction amplitude, by firing simul- 
taneously two charges one below the other. As the reflected energy 
comes vertically from below, vertical type seismographs are used. How- 
ever, this does not minimize refraction impulses, since, they likewise come 
in from an almost vertical direction, nor does it reduce the ground roll 
(Rayleigh?) waves, since they too possess a strong vertical component. 
However, if there is a difference in the frequency of undesirable impulses 
and the frequency of reflected waves, the former may be eliminated or 
reduced by selective response characteristics of the channels or portions 
thereof (filters). The first high-speed impulses are generally reduced in 
amplitude by automatic, semiautomatic, or manually operated volume 
controls. Finally, a field technique combining suitable drilling depths, 
charges, and shot distances is the most effective means of obtaining distinct 
reflection records. 

Under favorable surface conditions there is virtually no limit to the 
possibilities of the reflection method in sedimentary areas of low dip. The 
range for which it is commonly used extends from ^00 to 10,000 feet; the 
extremes are 300 feet and about 30,000 feet.^^ Depth penetration is not 
controlled by the dimensions of the effective beds. Other advantages are 
small charges, accuracy of depth determinations (0.2 to 0.5 per cent of 
depth), completeness with which depth information can be obtained with- 
out complicated calculations, freedom from terrain effects, and the fact 
that depth data may be obtained for more than one layer with undimiii- 
ished accuracy. This is of importance to the geologist, since it makes 
possible the determination of the displacement of the axes of folds with 
an increase in depth, the mapping of variations in formation thicknesses, 
and the determination of the existence and extent of unconformities. 

2. Instrume/nts.^'^ Three primary and two secondary devices are the 
fundamental constituents of a reflection instrument: (a) an electrical 
detector (phone), (b) an amplifier, (c) a recording device, (d) time-marking 
mechanism, and (c) shot-instant transmission system. 

(a) Detector. The function of the detector is to convert the mechanical 
ground vibrations into fluctuations of electrical current which arc amplified 
and reconverted into mechanical (rotational) motions of a recording gal- 
vanometer. All types of electrical detectors are similar to niicrophon(‘s 
in construction. The indzictive type is comparable to the coil microphone, 

See footnote, p. 451 

Eeferences to the literature on this subject are given in C. A. Heihind, “Instru- 
ment Problems in. Reflection Seismology,’' A.I.M.E. Geophys. Pros., 41T*4r>4 
(1934). This section gives only a general description of roflt‘ctiou instniinoiitr?; 
theory is discussed in section IV. 
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the reluctance type is similar to phonograph pickup, the capacitive detector 
is built in the same manner as a condenser microphone, and the pressure 
detector follows the design of the carbon microphone, or that of the 
crystal microphone. All electrical pickups have in common a spring- 
suspended mass whose motion relative to the instrument frame is con verted 
into electrical impulses by some sort of transducer. The two component 
parts of the transducer are attached to the seismograph mass and to the 
frame. In the inductive detector, the transducer is a coil moving in a 
magnetic field (see Figs. 9-1 13a and 9-1 13b). In the reluctance detectors 
(Fig. 9-115), the transducers consist of iron ainnatures surrounded by coils 
and placed close to the poles of a permanent magnet or magnets which 
usually act as the detector mass. In the capacitive type of seismograph 
(Fig. 9-116), the transducer is a condenser; the mass is mounted close to 
a stationary plate so that the two together act as a variable condenser. 
In the piezoelectric detector (Fig. 9-118), the seismograph mass rests on a 
stack of quartz plates or a rochelle salt crystal. 

(b) Amplifier. Virtually all reflection equipment employs, between 
seismograph and recording device, amplifiers of widely varying construc- 
tion. At present the preference seems to be for the resistance-coupled 
type, usually of three stages. The following features are common to most 
amplifiers: filter systems, input and output transformers for matching 
the impedance of the pickup and of the indicating device, battery operation, 
gain and filter controls, A.V.C. systems, and separate volume expanders 
(companders). A scheme of a seismic amplifier (without A.V.C.) is given 
in Fig. 9-77. ^ 

(c) Recorder. The recorder is a combination of recording camera and 
a bank of galvanometers which may be of the coil, bifilar oscillograph, 
or string type. The coil galvanometer are modified dArsonvals with 
torsion wire or ribbon instead of jewel suspension and short natural 
l)eriod. Therefore, they are really damped vibration galvanometers, 
with oil or eleetroinagiietic damping. Bifilar oscillographs are les.s 
frequently employed than arc coil galvanometers. They combine the 
advantages of high sensitivity with high natural frequency, but greater 
care lias to be devoted to the dcwsign of a good optical system. String 
galvaiiom(‘t(M‘s (harp of strings in a inaguetic field) share most of the ad- 
vantage's of the oscillograph but have the drawback of shadow i)hotograph\' 
(which is sonKnvhat tiring for ofiice work on the records), low sensitivity, 
and pus.sibility of tangling of the strings. 

(d) Time Marking. Since for the timing of reflection impulses an ac- 
curacy of the order of one one-thousandth of a second is required, it has 
become gmieral practice to project time lines at one-hundredth of a second 
intenwals on the paix'r and interpolate to an accuracy of one-tenth line. 




Pio. 0-77. Simplified aclicmatic wiring diagram of a twelve-element eeismie reflection apparatus. 
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Beiland Research Corp, 

Fic. 9-78. Twelve-element seismic reflection apparatus in recording truck. 
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One method einplo7s a hundred-cycle tuning fork which drives a s\ti- 
chronous motor whose shaft carries a wheel with ten spokes, one spoke 
being heavier to mark tenths of seconds.^ This arrangement is used 
for shadow photography with string galvanometers. Tor black on white 
records the spoked wheel is replaced by a disk with the same number of 
slots.'*' In another arrangement, the prongs of a fifty-cycle tuning fork 
are provided with slotted diaphragms to project the slot opening every 
hundredth of a second directly upon the paper.'*' Lastly, vibrating reed 
timers of fifty-cycle frequency are used, driven by vacuum tube oscillators 
or tuning forks. 

(e) Shot-instant transmission is accomplished by wire or radio. The 
shot-instant line also serves for communication with the shot point. In 



EeHand Resmrch Corp, 


Fig. 9-79. Seismic recording truck with detector case and reels. 

most reflection equipment the shot instant is recorded on one of the 
galvanometers as previously described. A second galvanometer may he 
used to indicate the vertical (or np-hole) time recorded by a shot point 
detector. 

In Fig. 9“77 a schematic and greatly simplified wiring diagram for a 
twelve-channel seismic apparatus is given, including twelve regular reluc- 
tance detectors, one shot-point detector, twelve amplifiers, a twelve-gal- 
vanometer camera, synchronous timing arrangement, two-way coinmimica- 


records Kos. 1 and 2 of Fig. 9-91®. 

See records NTos. 4 to 8 of Fig. 9-^lb and c. 

See record No. 3 of Fig. 9-91a with 1/200 sec. time lines from 100 cycle fork. 
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tioii system between shat point and receiving point, and arrangements for 
transmission of the instant of the shot and the vertical time break. Figs. 
9~78 and 9~79 show the interior and exterior of a recording truck for such 
equipment, with six amplifiers on each side, switch panel and camera be- 
tween them, communication system on upper left, compander unit in 
upper center, tuning fork arrangement at upper right. Developing cans 
are in the rear of the recording compartment within easy reach of the 
operator, w^hose position is in a swivel chair in front of the equipment. 
Fig. 9-80 illustrates a jx)rtable six-channel apparatus. 



HeUand Research Carp. 

Fig. 9-80. Portable seismic reflection equipment. Upper row: two amplifier 
boxes, each with three amplifiers; camera between them. Lower row .(left to right) : 
communication unit, detectors, timing system. 

3. Tmvel-tmie relations. Simple travel-time relations are readily calcu- 
lated on the assumption that the reflections originate on plane horizontal 
or inclined surfaces. A further simplification may be introduced by as- 
suming that the rays are straight. Experience indicates that in many 
cases the curved path may be replaced by the straight path. i\nother 
simplification results from a substitution of the straight for the complex 
path. The latter has offsets due to refractions in reflecting beds higher 
up in the section. 

(a) Eorizonial layer. In Fig. 9-81a, let SR = .r, which is the dis- 
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tance between the shot point S and any receptor Rat the surface, d be the 
depth, and Vi the velocity in the section above the reflecting bed. Then 
the reflection travel time is 

~ ~ 4:(P. (9-69fl) 


Tf j is small compared with d (vertical .shooting). 


tv = 


‘M 

■Vi ■ 


(9-696) 


The travel-time curve represented by eq. (9-()9a) is sho-wn in Tig. 9-816, 
together with the corresponding travel-time curve for the refracted wave. 
The reflection-time curve is a hyperbola and is almost horizontal for steep 
angles of incidence (vertical shooting). For larger distances it rises rapidly 



Fig. 9-8 . 1(1. Reflection path. 



Fig. 9-816. Relation of refraction and 
reflection triivel-tiine curves. 


until it approaches asymptotically a straight line representing the over- 
burden Telocity. If the second part of the refraction travel-time curve is 
extended toward the shot point, it will be tangent to the retloetion travel- 
time curve at a point corresponding to the critical ray (that i.s, for whieli 
the path in the lower medium is zero). The reflection-time gradient d(^- 
peiids on distance as shown by differentiation of eq. (9--()9a/. 


dU 

dec, 


X 

id- 


(see Fig. 9-82). 

VUr 


(9-70) 


It is often convenient to calculate travel times for vertical incideina* 
and to ajDply a correction expre.ssed by the ratio of depth and shot distance, 
R = (i/a;, so that 


Vi 


+ (^) 


or U = i„ 


1 + 




19 T1 a) 
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Also, 

and the time gradient is 



^atfo of C^ptfr h 5prt6d 

Fig. 9-82. Time gradient of reflection from horizontal bed. 


Another correction method is based on an expansion of the second 
expression in eq. (9-72) into a binomial series. Consideration of onlj the 
first two terms gives 




2vlfJ’ 


SO that, with fv as vertical time, 


d = - At), 


where At = x'^/2\lL 
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Fig. 9““83 shows two charts for the calculation of this correction. For 
any velocity between 6000 and 15,000 feet (ordinate) and any mean re- 
flection time between 0.3 and 1.4 seconds (abscissa), the first chart gives 
the denominator of the above equation, or the factor a = 2v'^M0 
This factor is the ordinate in the second chart on the right. By intersec- 
tion with the sx)read distance oc (from shot point to center detector), the 
time correction At is located on the abscissa. Thus, this chart carries 
out the operation lO^Va. 

In summary, the following expressions are available for depth calcula- 
tion from reflection, assuming straight paths: 


(general formula) 




(in terms of vertical time) d = ^riU ^ I — 

= |vi(^, - At) 

(vertical shooting) d = 


(9-72) 



Eig. 9~84. Eelntive reflection travel in a 

ineclium of contimious linear velocit3^ increase 
(after Slot nick). 

time at the distance .r is 


In eqs. (9-72) the speed 
of the overburden is as- 
sumed to be constant; in 
practice, an average veloc- 
ity Vo is substituted for Vi . 
For reflections from differ- 
ent depths, different aver- 
age velocities are generally 
used. Eqs. (9-72) may be 
modified for curved ray 
paths, that is, when there 
is a variation of the aver- 
age velocity with depth. 
Slotnick^' has calculated the 
travel-time curves for (1) 
a linear, and (2) an expon- 
ential velocity increase. 
For a linear increase given 
by the relation V/,, = Vo +■ 
kh (h = depth), the travel 
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or 



sin A ^ 


kx 

2 vo* 




By introducing the following dimensionless quantities: 'c = 11^/2; d 
; 'v = (vo + k:A)/vo = Vfe/vo, the travel time may be written 


= cos h ^ 


-if ^ + 1 + V 


(9-73i) 





eoo 600 /ooo r2K 
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Fig. 9-85. llefiection travel- time curves for three depths. 


A graph of reflection travel-time curves for a linear inereasi^ of voUieity 
with depth is shown in FAg. 9-84. Fig. 9-85 gives travel-tinu' curv(\'< for 
three reflections originating in a Cretaceous section in Canada, ThcS(‘ 
ciiives become flatter with depth, which is caused by both tlic' increas(‘ 
in depth and the increase in average velocity with depth. 
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(6) Di'pping bed. Since in Fig. 9-86 
the path T'R from the image of the 
shot point may be substituted for the 
path to and from the reflection point 
C on a horizontal bed, it follo’ws that 
the down -dip traTel time for a dipping 
bed may be written 


via = IR. (^-74:) 

If td is varied and x is varied, Ytd = 
IRi , ytd = IR 2 ; ytT = Ii?3 , and so 
on. These relations may be solved 
graphically for the point I by drawing 
circles with radii vtn about the re- 
ceiving points "which intersect in I, 
Increased accuracy is obtained by using 
two sets of receiving points on either side of the shot point. Analytic- 
ally, the following relations follow from Fig. 9-86: 

(Down Dip) 

~~ =¥f + DR^; ~ 


Fig. 9-86. Reflection wave path for 
dipping bed. 


IR = vtd ; DS = X sin <fi; DI 2z DS; 


hence, 


vtd 


4zx sin (p x^. 

{Up Dip) (for the same distance x): 

— 4zx sin <p +■ x^. 


(9-75a) 


(9-756) 


Subtracting the up-dip from the dovm-dip time (for the same shot 
distances), 


Atl - 1) 

8zx 


sin (p, 


and adding, 


+ il) - 

8 


= z 


(9-75c) 


(9-75d) 


Hence, up- and down-dip times furnish both depth (normal to the bed) 
and dip, so that the depth d vertically below the shot point becomes 
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With the ratio R = z/x, foiniulas (9-75a) and {9-7 5b) may be written : 

- = \/'(2W+2Bsmv +- 1 (9-76a) 

- = VWR)^ - 2Bsm<fi^. (9-76i) 


The depth under the down-dip shot point is approximately equal to 
the arithmetic mean of the down-dip and up-dip travel times, multiplied 
by one-half the velocity. Eqs. (9-75) hold only for equal distances on 
opposite sides of the shot point. For different distances Xd (down-dip) 
and Xu (up-dip), we have 


so that 


and 


=42^-1“ i:ZXd sin <p i- 
= 42^ 42a;uSin<^ + xZ, 


4z{xd + Xu) 


= sin <p 


V Cjd Xu -{~ ill ^d) Xu Xd Xu Xd 2 

4(Xd +- Xu) 


(9-77a) 


(9-77E>) 


If dips are determined in t^vo or more distances on the same side of the 
shot point, 

= 4z^ d- 4zxi sin <^5 + -fi 
= 4z^ -H42:x2sin </? + 


or 


and 


2/,2 
V ih 


-Jd - M ±J^ 

4z(x2 - Xi) 


sii) 


(9-77r) 


v"(^ir2 — tl xi) — X2xl - f xixi 
4(^2 — Xi) 


{9-17(1) 


if 0*2 > and /o > h - In eqs. (9-77o) and (9-77r), an approximate value 
for 2 cal ciliated* under the assumption of horizontal beddinjj; ^ives sufficient 
accuracy for small dips. Formula (9-77c) may Ik^ written 


sill <p 


( ^2 + ^iV ^2 _ 1 ^ X2 -f Xi\ 

2z V 2 /V^‘2 ■” x J 2zV 2 / 



564 


SEISMIC METHODS 


[Chap. 9 


or 


V , At 


1 

- -x, 

2z 


(9-78a) 


where tm is the mean time in the mean distance Xm . 

In this equation the depth z (normal to the bed) appears. It may be 
obtained from eq. (9“77d) with its correct value or be calculated from the 
mean time under the assumption of horizontal bedding. For many dip 
calculations, other approximations are satisfactory. One of these is to 
draw a travel-time curve and to extend it toward the shot point. If the 
shot-point travel time thus obtained is ^ = 2z/v^ eq. (9-78a) becomes 


sin (p == 


vtm M 
to Ax 


Xm 

Vfo' 


(9-786) 


In further approximation, let 2z ^ IR ^ vt^ (Fig. 9-86). Then (9~78a) 
becomes 


sin^ = 



^tn 

v4.’ 


(9-78c) 


Finally, the last term of this expression may be dropped so that 


sin (p = ^ .V (approx.). 


{9-78d) 


Since At/ Ax is equal to the reciprocal of the apparent velocity, eq. 
(9“78d) is identical with eq. (9-62), and the angle of incidence at the 
surface, to (at R in Fig. 9-86), is assumed to be equal to the angle of dip. 
For vertical incidence upon the bed (distances close to shot point) formula 
(9-78d) is rigorous. 

The apparent up-dip and down-dip velocities of reflection impulses may 
be obtained from a differentiation of the up-dip and down-dip travel times 
given by eqs. (9“75a) and (9-756), so that the down-dip gradient (D.G.) 
is given by 


did 2z sin <p Xd 

dxd y\/ 4^^ 4 - 4zxd sin (p x^ 


(9-79a) 


and the up-dip gradient (U.G.) is 


Hence, 


dtn — 2s s i n <p Xn 

dxu y\/4.z^ — 4^:r«sin <p + x\ 


(9-796) 


— = sin ip Xd dtu _ — 2zsin<^ + 

dxd v"td dxu “ ~ v^tu 


(9-79c) 
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These relations are identical with eq. (9-78a). They may be applied in 
various ways. For a given set of conditions (in an area where the velocity 
is known and the distance between center of spread and shot point are 
kept constant), diagrams such as shown in Fig. 9-87 may be prepared, 
showing, in vertical section, intersecting lines of equal gradient and equal 
time to center of spread. After the time gradient, or step-out time, has 
been measured, the point corresponding to these values is located in the 
diagram, which gives the depth of the reflection point. By connecting 



Fig. 9-87. Graph, for determining depth and dip from total time and step-out time 

(after Pirson). 


this point wnth the shot point and dra^vdng a perpendicular, the dip Is ob- 
tained. A vertical change of velocity may he incorporated in the diagram. 

Eqs. (9“79c) may also he utilized for direct dip-calculations. By sub- 
tracting the tvo equations, 


. _ U.G.-O - Xci + Xu 


(9-79d) 


in which the last part of the numerator becomes 0 when equal distanct'.f on 
either side of the shot point are used. Eqs. (9-79o) and 19- 796) are, in 
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terms of ratios R = z/x, 
D.G. 


and 


U.G. 


_ _ 2jBa sill Ip + 1 

v\/ (2Riy +■ 4Rd sin ^ d- i 

— fitt sin y 4- 1 
v\/(2ff«)^ — 4Ru sin ^ -I- 1 ' 


(9-79c) 



^Vith those equations the diagram shown in Fig. !)-88 lia.s been, eou- 
striicted. For high ratio.^ of z/x the gradient.? become negative for coni- 
parativoly small dip angles, that is, the refleetion impul.so.s travel back- 
ward in the sc'isinograin. For low angles of dip, travel time's of dipping 
beds iire virtually identical with those from horizontal beds; dip shooting 
Ix'coiue.s applicable if dips exceed about lOO feet to the mile. However, 
a.s a means of checking correlations, it is used with le,s.ser angles of dip. 
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All formulas derived above for 
dipping beds imply that the tra- 
verse is shot up or down in the 
direction of maximum dip. If the 
traverse makes the angle a with 
the direction of dip, the true dip ^p 
follows from the ^^appareut^’ dip 
(p, as determined along the tra- 
verse, from 


sin 
cos a 


= sin <p. [see 9-56a] 



Directions of strike and of total 
dip may be determined in two re- 
flection profiles at right angles to 
each other; if the apparent dip 
angles are and 4^^, sin 

= tan a. Another method^^ of 
determining both dip and strike consists of locating the image of the shot 
point in three profiles at right angles to one another. At three points of 
equal distance c from the shot point (see Fig. 9-89) the travel times h , 
fe , and k are given by 


Fig. 9-89. Location of shot-point image 
from three travel times. 


vhl = (r - af + 2/^ + 
vY, = / + (p - of + D- 
= (r + cf + ij + D\ 

where .r, ly, and D are the coordinates of the image point. Then 


X — {tz — ^i) (identical with [9-7 oc]) 

4c 

y = \ (4 - 2d + d) 

4c 


(9-sa) 


D = Vv'd - (ar -cf. J 

The coordinates of the reflecting point are .r/2, y//2, and 1) 2: the dip i'^ 
given by tan = Vx- -|~ and the strike by tan a == // x. 

The dip-shooting method does not give .small dips accurately. This is 
because of the inherent failure of the travel-time eixrve to I'e.spondto small 


S. J.Pirsoii, Oil Weekly, April 26, 1937. 
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dip angles and errors introduced in the records by surface geological 
^^step outs.’’ The accuracy is probably not greater than 1° or 2^. It 
can be increased by reducing the station interval^ by surveying closed 
loops, and by adjusting the errors of closure. The most favorable range 
is from 5° to 30°; in exceptional cases dips of as much as 55° have been 
recorded. 

4. Average velocity deter7nination. Notwithstanding the frequent curva- 
ture of reflection rays, the assumption of uniform or average velocities 
to the reflecting bed or beds is generally satisfactory. In the absence of 
average velocity data, reflection maps may be contoured in reduced time 
units. In areas where changes of the character of sediments occur, it 
may be necessary to introduce an average velocity as a function of the 
geographic coordinates. One or more of the following procedures may be 
used for the determination of average velocities: 

(a) CalaiMion from known depth Where the geological section is 
clearly defined so that there is no doubt about the nature and depth of the 
reflecting formation, a profile is shot near a well and the average velocity 
is calculated from 

(9-810) 

(b) Well shooting, A well detector is lowered to various depths and a 
number of shots are fired at the surface. Usually the distance of the shot 
locations from the well is made equal to one-half the shot-receptor distance 
used in the survey, in order to obtain as nearly as possible the velocity 
along the actual Avave path. Well detectors are long seismometers of 
small diameter, corresponding in design to that of the regular pickups; 
they have the shape of torpedoes and are well protected against water, 
mud, and the like. They are lowered on strong steel cables. Average 
velocities are calculated by dividing the paths from shot point to detector 
by the respectiA^e travel times. Recording of shot instant and accurate 
time marks are required as in ordinary reflection work. The method is 
laborious but in most general use at this time. 

(c) Calculation from refraction profiles. When the thicknesses r/n 

the velocities of the strata composing the geologic column are known 
from refraction profiles, the average velocity to the depth 2 in the column is 



This method is not particularly accurate, nor is it generally advisable 
to shoot refraction profiles in an area to obtain average velocity data. 
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{d) Calculation from surface profiles. Since the trayel-time equation 
contains two unknowns— depth and average velocity— a mininuim of two 
equations must be set up to determine both velocity and depth by record- 
ing times in at least two distances. Thus (for horizontal beds) 

V' tl - t\ ■ (9-81c) 


In practice many distances are required to give accurate values. Squares 
of travel times are plotted against squares of the distances. For a reliable 
determination the curve must be a straight line. The cotangent of its 
angle a with the abscissa is the square of the average velocity. By dif- 
ferentiating in the travel-time formula (v¥ = ¥ +- 4/), the square of 
travel time with respect to the square of the distance, we have d{f) /d{x“) = 
1/v^ or v^ = cotan cn. Since f = +■ Ibe velocity squared is 

the ratio of distance squared divided by times squared. The ordinate at 
zero distance is For this calculation travel times have to be cor- 

rected for weathered layer and elevations; they should also be reduced to 
regional datum. 

When the reflecting beds are inclined, it is necessary to shoot an average 
velocity profile in two directions. In this case the curve representing 
the squares of travel times as function of the squares of distances is no 
longer a straight line. Its direction of curvature depends upon whether 
the profile is shot up dip or down dip. From formulas (9-75a) and 
(9-756) we obtain by differentiation 


(down dip) 


(up dip) 


tan ad — 


tan au = 


dixl) 

d(tl) 

d(xl) 


i(l+|sin,) 


(9-8 M) 


which indicates that the curvature decreases with distance ; that is, the time- 
squared distance-squared curves approach true velocities farthest out from 
the shot point. The arithmetic mean of two tangents to the curve at 
identical up- and down-dip distances gives the true velocity to the depth 
under the shot point : 


tan au + tan ad _ I 

2 v^' 


(9-8 Ic) 


5. Field practice, (a) General procedure. In anew area wlituv mither 
transmission characteristics of the near-surface beds nor the siilisurtmn' 
section is known, the most suitable shot depth and arrangcMiuMit of re- 
ceivers (shot distance and receiver interval) mu.st be determined i )y experi- 
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ment. The best procedure is to select a favorable locatioa (see paragraph. 
c below), to drill a hole 25 to 50 feet deep, and to select, from inspection of 
the \\^ell samples, a firm or moist formation for placing the shot. Shots are 
fired with gradually’' increased charges and records are taken at 100- to 
200-foot intervals, begiiiiiiiig avS closely’' to the shot point as possible. 
These may l)e utilized later for average velocity calculations if desired. 
The distance most favorable for the desired reflections is then selected. 
Quality of reception may be improved by suitable adjustment of filters, 
and the like. From the records and from geologic considerations the 
observer will decide whether dip shooting or continuous profiling may 
be necessary^ Surface geology data will determine the weathered-layer 
procedure. 

(6) Types of shooimg. When reflecting beds are consistent and of low 
dip so that no correlation difficulties are experienced, the normal setup 

with receptor spread to 
one side of the shot point 
is used {correlation shoot- 
ing). Shot distances vary 
from 200 to 2000 feet to the 
middle receiver and re- 
ceiver intervals from 20 to 
100 feet. If reflecting beds 
are not consistent or if cor- 
relation difficulties arise 
from other sources, con- 
Hnuom profiles are shot.'^® 
This is a variation of dip 
shooting. W’hen the spread 
has been shot in the for- 
ward direction, the shot 
point is moved to the loca- 
tion previously occupied by the last receivei*. From this point the first 
spread is shot in reverse and the next spread in forward direction (Fig. 

Since the paths from I to 6 and from II back to 1 are identical, 
tbe travel tinu's are^ identical and the two records may be tied in. Within 
the setup shown in the figure, the reflection points are continuous. The 
‘Miolcs'' left under the shot points between successive profiles may be 
avoided by using more overlap. Receivers art' evenly spaced between 
.diot points, generally at 100 to 150 feet. 

Dip shooting h applied when there is noticeable dip and when reflecting 
beds are not consistent, so that presence or absent'e of structure may bo 

'■‘S. ,). Pirson, A.l.M.K. IVch. Piibl. \iy.m, U)37. 
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Pig. 9-90. Arrangement for eontiniious profiling. 
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established by correlating dips between stations. The following proce- 
dures may be followed: (1) slioot tivice in the same hole and move the 
receivers over; (2) leave receivers in place and shoot from both sides of 
the spread ; (3) shoot once in one hole, and use half of the receivers on one 
side of the shot point, and the other half on the other side; (4) shoot with 
receivers to one side and determine dip by absolute times and time gradient. 
These procedures may be applied in two profiles at right angles to each 
other to determine strike. Structural mapping by small dip angles should 
be done in closed loops, since the depth errors of closure are considerable 
and must be distributed by suitable adjustment. Shot distance and 
receiver interval vary as in correlation shooting. 

(c) Shot placemenU surveying, drilling. Reflection locations should be 
selected from the point of view of good energy transmission, ease of drilling, 
and minimum variation of elevation and surface geology along receiver 
spread. Low places are generally preferred, since water-bearing beds 
occur closer to the surface. In many cases the selection of reflection loca- 
tions is a matter of compromise between the above factors. Elevation of 
shot-point and receiver locations must be determined with an accuracy 
of about one foot. When dip profiles are shot in more than one direction 
to determine strike, the direction of the profiles must be recorded. 

Holes may be drilled wdth hand augers in favorable locations or when 
speed is not an important consideration. However, the more general prac- 
tice is to use rotary drilling rigs mounted on trucks, as previously de- 
scribed (page 491), In clay, marl, and other soil which is easy to drill, 
two crews can make as much as 500 to 600 feet of hole a day. For hard 
formations, coaise gravel, boulder clay, and the like, spudders are used. 
Caving of shot holes is overcome hy the use of ^^4quagel,^^ or lime, or by 
setting casing. In soft marsh ground, holes are washed down with a high 
pressure pump operated from a small gasoline engine (see Fig. 9~29). 

Charges may vary from a single cap to 10 pounds of dynamite. Sixty 
per cent special gelatin dynamite and Kitramoii is most frequently used. 
Charges are forced down the hole hy rods consisting of several sections 
provided with junctions so made that the\^ do not come apart when 
lowered into the hole but may bo dissembled readily when pulled out. 
Holes are generally tamped with w’-ater; in exceptional cases, with mud. 
For this purpose a water tank is carried cm the shooter’s truck. 

(d) Weathered-layer technique. \ near-surface 'hveathered” or ‘‘cor- 
rection” zone with a considerable reduction in velocity occurs in every 
area. As this layer is not likely to be identical at all stations it has 
become general practice to correct for the delay of the reflected wave* in 
this layer. As it has, furthermore, very poor trausmis.sion characteristic^^, 
shots ar(‘ jdaecd below it oral lea.*^! inan* its l(>\v(‘r siirhu-c. 

The e:xtensiveness of the weathered-layer eornnaiou is usual l\' a emn- 
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Fig. 9 - 916 . Seismic reflection records (coniinued). 
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promise between accuracv and time available to obtain the correction data 
in the field. The accuracy need be no greater than tliat for depth deter- 
mination. The time required to obtain weathered-lay^er data in the field 
depends on the lateral consk^teney of the layer. Four possibilities exist: 
(1) conditions may be the same in the entire area; (2) conditions may be 
the same at the shot and receiving points but vary throughout the area; 
(3) conditions may differ on shot and receiving points but be the same at 
the individual receiving locations; (4) conditions may be different at the 
shot point and differ at the receiving locations. 

The first condition prevails in some limited areas so that the correction 
maybe determined once and for all by vertical-time or refraction methods. 
Assumption of the second condition furnishes sufficient accuracy in many 
cases. The weathered-layer delay is then most conveniently determined 
by measuring the vertical- time interval at the shot point with a shot-point 
detector and correcting to shot level. In the third case (different condi- 
tions at shot point and receiving points) the vertical time is measured at 
the shot point, and a refraction profile is shot at the receptor spread. 
Finally, when conditions are different at the individual receiving stations, 
the vertical time is again determined at the shot point and the time delay 
for each receiver is established by the method of differences {ABC system). 
This is the procedure in most prevalent use. Further details are given in 
the calculation records (Table 58). The vertical-time phone is usually 
connected by a separate line to the truck and recorded on the fifth or elev- 
enth trace. A correction to regional datum, from which the average veloc- 
ity is reckoned, is generally added to the weathering correction. 

6. CalcAilation, interpretation. Reflections are not very difficult to spot 
even in a fair seismogram. They appear with a marked change in ampli- 
tude, consist of one to three or four waves (generally with declining ampli- 
tude), and reveal themselves primarily by their almost simultaneous ap- 
pearance on all traces (except when strong dips are present) (see Fig. 9-91) . 
A reflection may be recognized by comparing its time-distance gradient 
with that of the first impulses. A graphical analysis of records taken in 
an entirely new area by travel-time curves will identify reflections with 
certainty, besides offering the advantage of a determination of their average 
velocity. After reflections have been identified, they are timed, using 
tile trough of the first wave. The mean time, referred to the center of the 
spread, is entered in the calculation form. In dip shooting, times are 
road for the closest and the farthest detector. The recorded times are 
then corrected for weathering to datum and for spread, as described below. 

Some reflections may not show very distinct first troughs. In case of 
doubt, two and sometimes three troughs or ‘'phases’^ are timed (see Fig. 
9- 92). Depth errors may readily be committed unless the correct phases 
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are correlated from point to point. For preliminary depth calciilatioiis 
an average velocity may be assumed or be determined from surface 
profiles. However, for most areas accurate values derived from well 
shooting are now available. 



Records are generally calculated in the field office; some coriipauies 
make it a practice to send duplicate records to headquarters. The firld 
crew keeps the following records and turns them in to the field office at 
the end of the day’s work: {a) Driller’s notes, containing; data on location 
of shot holes, formations encountered, depth of hole^ depth of casing, and 
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SO on. (h) Surveyor's notes, giving? locations and elevations of shot holes 
and receivers, direction of shooting, and the like, (r) Observer's notes, 
consisting of a schedule of records taken, charges and shot depth, distances 
of receivers, and data pertaining to instrument control and filter settings. 

Calculation forms used in the oflBce for the evaluation of seismic records 
vary greatly in arrangement, depending on company procedure and prefer- 
ence. The form given in Table 58 will be found to be flexible enough to 
cover most weathering and reflection procedures which are likely to be 
applied in practice. It contains, in the upper portion, general data on 
location of shot point and receivers. In the lower part follows a form for 
calculation of weathering correction by the ABC method. Distances and 
elevations of receivers are entered first. Of the three main columns, the 
left pertains to the shot point and a location 200 feet away from it, which 
is intended to give the depth of weathering Ws under the shot point. In 
it are entered shot elevation JEs , shot depth ds , vertical time 4 and time 
to the 200-foot detector corrected for elevation. Depth to weathering 
at the shot point is obtained by adding the 200-foot time to the vertical 
time, subtracting the horizontal time 4 , dividing by 2, and multiplying 
by the overburden velocity Vi calculated from shot depth and vertical 
time {ds/lv = Vi). 

The result will indicate whether the shot is located above or below the 
weathered layer, and the correction is = (IFs — d,)/vi is applied accord- 
ingly. Added to it is a correction to datum 4 calculated with an (average) 
velocity of the high-speed l>ed under the weathered layer. In the mid- 
dle row of columns are entered the times (h from the reverse weathering 
sliot which are then corrected for shot depth d«/vi . Next follow the 
times t.i of the first breaks from the reflection record. Tlie^^ are added; 
the time 4 to the sixth receiver (set out as shown in Fig. 9-75) is sub- 
tracted; the result {2Q is divided by 2; and weathering Wr under each 
receiver is calculated by multiplication with the overburden velocity. As 
shown in the form, it is usually sufiheient to average the times and calculate 
a mean weathering depth. Subtracting the weathering times 4 from the 
forward times 4 giv^'es accurate times corresponding to the advance of the 
wave in the high-speed bed underlying the weathered layer. From this, 
an accurate value for its velocity Vo may be obtained. An average value 
V/ (usually dose to V 2 ) determined from refraction profiles or w^ell shooting 
is \ised for the calculation of 4 in the first, and of = {E,- — W,- — D)f\d in 
the last column for reduction to datum. The total correction (b +- + 

Ts +■ td) is entered in the reflection calculation form and added to the 
spread correction. 

In correlation shooting, times corresponding to the various reflections 
and their phases are entered and corrected, and depths are calculated for 
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vertical incidence and converted to elevations above sea le\-el. For di]) 
sliooting, this fomr is modified foi the calculation of depths and dip from 
mean times and time gradients (corrected for weathering and to datum). 

In correlation shooting, stations are arranged on profiles and cross 
traverses so that an interlocldng pattern is formed. Reflection impulses 
may be entered hy appropinate symbols in the reflection log for each sta- 
tion and may be connected in much the same maimer as key beds of ad- 
jacent well logs (see Fig. 9-92). In dip shooting, dips may be indicated 
by a short bar at the reflection depths and correlation may be made on a 
“phantom” horizon or horizons (see Fig. 9-93). Depth determinations 
made on this basis are not very reliable, but errors are reduced hy con- 
ducting the survey in a closed loop and distributing the errors graphically 
or hy calculation. 



Fio. 9-0!^- Dip profile across deep-seated salt dome in southern Louisiana (after 

Goldstone). 

TV. ELEMENTARY THEORY AND DESCRIPTION OF 
SEISMOGRAPHS 

A. Classificatiok 

Seiiiniographs may be classified according to componont recorded or 
according to application. The first division is eiistomaiy iu station seis- 
mology. There we speak of horizontal, vertical, and universal seismo- 
graphs- Fig. 9-94 shows a iiiimberof horizontal seismographs in diagram- 
matic form. The oldest type is probably the simple' pendulum (1). The 
pendulums in 2, 3, and 4 follow the ^'swinging door” principle. k' 
Wiechert astatic pendulum (5) is used in most scisinological <)i:)scrvatoric> 
of the world. The torsion seismometer ('(i) has been installed in many 
U. S. Coast and Geodetic Survey and Carnegie Institution observatories. 
The construction of Nos. 7 and 8 is applied in vihrograplis mid prospiMtinir 
seismographs. 
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Fig. 9-94. Horizontal seismographs 
(schematic): (1) Ewing, (2) Rebeur^ 
Paschwitz, (3) Zoellner, (4) Milne, (5) 
Wiechert-astatic, (6) Wood- Anderson, 
(7) Galitzin, (8) Schweydar. 

According to application, seismo- 
meters may be divided into (1) 
station seismographs, (2) vibro- 
graphs, and (3) prospecting seis- 
mographs. These differ in respect 
to mass, magnification, natural 
frequency, and method of record- 
ing, as shown in Table 59. 

B. Elementary Theory 

1. Geometric and physical char- 
actcrisfics of semnometers. Assume 
a simple pendulum seismograph, 
as shown in Fig. 9-96, its mass 
rn being suspended at a distance 
r from the axis. Attached to it 
is a magnifying lever whose equiv- 
alent length is J ~ V, According 
to the well-known theory of the 
mathematical peridnlum, 


Of the vertical seismographs (Fig. 
9-95) the simplest consists of a mass 
suspended from a coil spring (1). 
The three seismometers in 2, 3, and 
4 use levers with coil springs; the 
pallograph (4) is employed for the 
measurement of ship vibrations. 
The designs in 2, 5, 6, 7, and 8 
are used in seismic prospecting de- 
tectors.^ Universal seismographs 
for the recording of all ground com- 
ponents have been made by com- 
bining the coil type (Fig. 9-95, 1) 
with the Ewing pendulum (Fig. 
9-94, 1). This is known as the De 
Quervain universal seismograph. 
They have not found application as 
prospecting detectors. 



Fig. 0-95. \Trtical seismographs (sche- 
matic) : (1) coil spring, (2) Gray spring- 
lever, (3) Taiiakadate, (4) pallograph, (5) 
dual spring, (6) geophone, (7) oonibiiia- 
tion of (1) and (5), (8) Viccntini. 

Vertical seismographs, particu- 
larly the astatic types, are also em- 
ployed as gravimeters (see pp. 125, 126, 
132, and 134). 
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(9-82€i) 

where To is the natural period of the pendulum, g is gravity, V is peiidiiluiii 
length, and J is indicator length. If b is the deflection of the mass from 
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Type 

Mass 

Mv^GNm- 

CATION 

Natural 

Fbequbncy 

Recobdino Method 

Station seismograph 

large 

small 

low 

mostly mechanical; 
some optical and 
electrical 

Vibrograph 

small I 

small 

high 

mostly optical 

Prospecting seismograph. . . 

small : 

large 

intermediate 
and high ! 

mostly electrical 


its rest position and a the corresponding ampli- 
tude of the pointer, the indicator or static mag- 
nification is 


= J 

b V' 


(9-826) 



If the suspension point cf a seismograph is dis- 
placed rapidly, the ground displacement is recorded 
with the magnification V in opposite direction, 
and the negative indicator magnification gives the 
pendulum displacement for rapid ground move- 
ments. In the corresponding physical pendulum 

the period is proportional to the distance of the center of oscillation from 
the axis of rotation. The reduced or equivalent pendulum length is given 
by 


Fig. 9-96. Seismometer 
as a penduluia. 


-(0 


(9-82c) 


Substituting, in eq. (9-82c), coo for 2 t/7o , where wo is the angular 
frequency of the seismograph, hereafter briefly referred to as natural 
frequency, (oo = Stt/o, see eq. [9--18flr]), 


2 

OO 


g ^ mgs 
~l K ' 


(9-S2(/) 


where s is the distance of the center of gravity from the axis of rotation 
and K the moment of inertia about the same axis. Fm* any \y\w of 
spring seismograph, 


2 _ c g 

>0 — - — jy 

m a 


(9-88) 
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where c is a spring constant and is equal to the ratio of force and spring; 
elongation d (see page 591). 

2. Vndanped Jree oscilMiom. In an undamped seismograph, as in a 
mathematical |>endiiliirti (see page 97), the condition of equilibrium of 
restoring and inertia forces is expressed by mg sin + ml {(f<p/df) = 0 
(see Fig. 9-96), so that in abbreviated differential notation after dividing 
by ml, and letting sin (p = cp, 


^ -j- ^ ^ = 0. (9~84a) 

Substituting (Fig. 9-96, where a is the recorded amplitude) and 

utilizing eq. (9“82d), we have 

a + 4a - 0, (9-8#) 

whose solution is 

a = Ao sin(coo^ = Aq sin o3Q{t + to), (9--'84c) 

which is identical in form with eq. 9-19 given on page 449. 

3, Free oscillations with friction. Actually the last equation does not 
express completely the motion of the seismograph. Its amplitude de- 
creases with time, since the kinetic energy is consumed and converted into 
heat. This transformation acts as a brake on the amplitude. The manner 
in which the amplitude decreases is dependent on the type of braking 
resistance, of which the following are the more important types; (1) 
Coulomb's friction, constant during the entire motion, (2) velocity damp- 
ing, which is proportional to the velocity of motion, and (3) velocity- 
square damping, proportional to the square of the velocity of motion. 
Only the first and second w’ill be discussed here. Details on the theory 
of velocity-square damping may be obtained from the literature.^^ 

In early seismograph construction, attempts were made to reduce the 
natural movement by excessive friction. However, this makes the seis- 
mograph inoperative for accelerations equal to or less than the frictional 
force. It does not return to its zero position, while with velocity damping 
it always returns. 

Although friction is undesirable in a seismograph, it is never possible to 
a\'oid it altogether, since there is a certain amount of friction in the sus- 
pension springs, electrical wires, and the like. The type of record obtained 
with a seismograph under the influence of friction only is shown in Fig. 
9-97. A line connecting the peaks is straight, while for a damped seis- 

L. S. Jacobsen, Seis. Soc. Anier. Bull, 20(3), 169-195 (Sept., 1930 ); B. Hague, 
AUeniating Current Bridge Methods (section on oscillographs), London (Pitman dt 
Sons), 1930 . 
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mograph it is an exponential. The effect of friction may be distinguished 
from damping by measuring both ratios and differences of successive 
amplitudes. In a damped curve the ratio is constant (corresponding to a 
geometric progression), while in a friction curve the difference is constant 
(representing an arithmetic progression). The vector figure of amplitude 
progression is an Archimedian spiral for friction and a logarithmic spiral 
for damping. 

As shown in Fig. 9-97, equiphase amplitudes lose the amount 4f within 
one period so that ag = ai — 4f. Since deflection is force divided by 
spring constant, the loss of deflection f due to the frictional force is equal 
to m'gt/o, with ^ as Coulomb’s friction factor and m' the “equivalent” 
mass of the seismograph. The period of a seismograph with friction is 
the same as the period of a seismograph without friction. 



Fig. 9'97. Seismograph oscillations iiinier influence of friction. 


4. Free oscillatiom with damping. Tlie type of amplitude decay just 
discussed may be said to be due to exterior friction. Convei'sely, interior 
friction (as in liquids) produces damping in proportion to the first or 
second poxxer of the velocity of motion. In velocity damping, the closest 
approneh to a correct reproduction of aetual ground motion is obtained. 
Three types of damping are employed in seismic detectors: (1 ) air, (2) oil, 
and (3) electromagnetic damping. 

Air damping is effective only if the mass of the seismograph is sniair'" 
and tlio frequency low. Hence, it has found application in coiid<‘iiser- 
microphone detectors and in some inductive gvophones with very light 
coils. Oil damping is most frequently employed. In mechanii'al 

These statements refer to seismic detectors. Air damping can he eturtive in 
station seismographs (Wiechert) when used at the <‘nd of levers which, howtwi'r. are 
usually undesirable on detectors. 
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mographs a vane may be attached to the end of the magnificatioa cone to 
be free to move in an oil cup; or a series of vanes may be fastened to the 
tnass directly, arranged between partitions in an oil container. In elec- 
trical detectors the receiver eases are generally filled to a level which gives 
the desired amount of damping. It is preferable to use mineral oils of 
low temperature coefficient cf viscosity (Xujol or automobile oils of vari- 
ous S.A.E. ratings). 

Electromagnetic damping is most satisfactory from the point of view of 
design, clean operation, and independence of temperature. It is most 
elFective in detectors of low^ natural frequency and light mass. In a 
Galitzin type seismometer a copper plate at the end of the coil-carrying 
lever moves between two permanent magnets whose spacing can be ad- 
justed to obtain the desired damping rate. In the Wood- Anderson 
torsion seismometer the mass moves between the poles cf a permanent 
magnet. In the Wenner seismometer pickups and galvanometer coils are 
cf comparable mass and damp one another; the damping rate may be 
regulated by a shunt across the line. With an amplifier between pickup 
and galvanometer the primary of the input transformer produces damping. 
Additional damping may be produced by short-circuited turns or coil 
frames of conductive material. 

If p is defined as damping resistance, or damping force on mass of unit 
velocity, the damping acceleration equals pa/m, and 

<a-f-“d-|-cooU=== 0. (9-85a) 

7ri 

Siihstitiiting a damping constant e = \p/m (which has the dimension of a 
frcciuency), 

a -f 2&i + a = 0, (9-855) 

whose solution a == +- or 

a = ^ Co-e-b+V62--^-2)^l (9-85c) 

If e > 070 , the exponent is negative, the motion overaporiodic, the damping 
overcritical, and the mass creeps back to the zero position. If e = wo, 
the nias.s returns to zero without overswing, and the motion is aperiodic 
(critical damping). If e < coo , the mass oscillates about the zero position 
with declining amplitudes. This is referred to as damped free oscillation, 
cHunprising damping rates between zero and critical. In this case, the 
t(‘rm \/€- ~ o^o becomes — ^2, so that by the use of Aloivrc’s theorem 

a = Bo.e~^bsin Co* e“^'. cos (9-86a) 

CViinparing this with o(p (9 -18a), we see that y / ojq — represents the 
natural frequency reduced by damping. Hence, 
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cod = _ ^2 (9-866) 

the damped natural Jrcguenc)/, is alwaj’-s less than the undamped frequency, 
and appi-oaches zero for critical damping. With (9-86h), eq. (9-86a) may 
be written 

t B C ~ 

- sin ood't + ^cos o>dt , 

which by substitution of B/A = cos ^and C/A == sin p becomes 

‘ ' '-f^) (1 


and is represented in time-amplitude and vectorial form in Fig. 9-98, 
The peak amplitudes decrease in geometric progression. A line connecting 
them is an exponential, since the amplitude at the time tis At == 



Thus, the ratio r of two eqniphase peak amplitudes within one period 


Tdisr = ^ = 


Ao.e““ 


Hence, 


As Ao-e-* 

r = e"'-' = (9-87a) 

where r is the da?njping ratio s.ndfd == l/Td is the damped frequency. In 
logarithmic form 

loger = log, = eT, = 1 = Ae, (9-876) 

A.3 Jd 


Avith A.e as the natural logarithmic decrement. 

In highly damped seismographs it is difficult to measure accurately the 
amplitude ratios for one complete period. More suitable is the deter- 
mination of the overshoot, which is the (reciprocal) damping ratio referred 
to successive amplitudes within onc-half of a period. It is expressed as 
the overswing AA in terms of the original amplitude A so that 

AA = Ao- (9-S7 c) 


Another characteristic of damping is the relaxation tiim^ (Fig. 9 9S), 
that is, the time which elapses until the amplitude has d(‘(*lii\ed to 1 e 
of its initial amount: 
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, = l = log.^ = -^ (9-m) 

€ jVe ^ 

In seismograph, calibration it is convenient to use the relative damping 
9?, 'which is the ratio of damping constant and natural freqiienc}^ and 
varies therefore from 0 for no damping to 1 for critical damping. Hence, 

- = •^ = Vl - yf. (9-87e) 

<^0 JQ 

111 Galitzin’s publications a damping factor ju is used. This is equal to 
the ratio of damped and undamped frequency: 

= 7 = -v/nip. (9-87y) 

WO Jo 

5. F^orced oscillations; steady state conditiom. Generally the ground 
continues to move after the seismograph motion has started. The two 
motions will be superimposed on each other. Expressions may be derived 
for the resultant ^^forced’^ oscillations, provided that certain simplifications 
are introduced. Replacing the 0 on the right side of eq. (9-84!)) by a 
term containing the acceleration x of the point of suspension, 

a 4" oola = — Vx. (9-88o) 

It is seen that a seismograph can be made to record the ground motion 
perfectly if the painter acceleration equals magnified ground acceleration, 
that is, if a = - Yx. This condition can exist only if coo = 0 and if the 
seismograph has an infinitely long period, that is, if it is astatized. Ac- 
tually zero frequency is mechanically impossible; however, the lower the 
natural frequency, the more the second time derivative of the recorded 
amplitude will correspond to the ground acceleration. The seismograph 
is essentially a displacement recorder. Conversely, if a seismograph is 
made with a natural frequency much higher than that of the ground 
motion, d is negligible compared with (ola and eq. C9-88a) becomes a = 
(-V/oil)x. It is seen that the recorded amplitude is proportional to the 
ground accelerations and that^ therefore, the seismograph is an acceler- 
ometer. However, the ground accelerations are recorded with a reduced 
magnification (V/wo). 

A definite solution of eq. (9-88a) can be given if a time function of x is 
introduced, the simplest assumption being a continuous harmonic function. 
H(uice, if X = X sill ait (where X is the maximum amplitude and o> is 
gn)uj}rl frequency), .r = - iV sin co/, and eq. (9~88a) becomes 

d + — VXco" sin co!, 


(9-885) 
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whose solution 

VXw^ . , Va)“ , , 

a = sin at = — — ar. (9-88<;) 

o)i ^ or cog — 0)2 

Substituting the dynamic magnification W for the ratio n/x, and the 
^‘tuning factor -n for the ratio o/coo, 

W^V.-XL- (9_88d) 

1 — 

If CO = coo j resonance occurs ; W = ^ ] and, theoretically, infinite ampli- 
tudes are obtained. In practice they do not occur because of a certain 
amount of friction or damping which, is always present. If co » 4 %, 
W = —V; the dynamic magnification is equal to the negative static 
magnification ; and 'very rapid ground motions are recorded with the indi- 
cator magnification- If ca <3C a>o , V = V cJ/o^ ; the dynamic magnification 
is proportional to the square of the ground frequency; and the seismograph 
acts as an accelerometer. 

Undamped seismographs are used in vibration engineering for deter- 
mining, by resonance, the natural frequency of oscillating shafts, engines, 
and the like. As a rule, however, seismographs are applied aw'ay from 
the point of resonance. Theoretically, this is possible by a v^'ery low or 
very high natural frequency. Some refraction receivers of the acceler- 
ometer type are built in this manner (carbon button and piezoelectric 
receivers). For the recording of first breaks only, the use of damping 
offers no particular advantage. Conversely, in station seismometers and 
reflection seismographs, resonance and continued oscillation after cessation 
of ground motion are highly undesirable. Therefore, damping is applied. 

Forced oscillations of a damped seismograph may be treated by inserting 
the damping term 2 ed in eq. (9-886), so that 

d -f 2 € ft + (ooft = VX(J sin w/, (9 -89a) 

whose first partieular solution ai — Ao-e"^' sin {adt -h is a transient and 
vanishes with time the more e approaches wo . The second particular 
solution is 

. yX J sia 

■ S- 46-co'^ 

in which ip is the phase shift between ground motion and record and is 
given by tan 2 i (ojim — with (wo — c^‘) ' ns a freqiienex’ factor 
(/o) characterizing the reaction of an undamped seismograph and 
[(coS — co‘)“ + = (fd) as a damped frequency faetiM'. For eritioal 

damping, the damped frequency factor is = (con -f co‘) ‘ nm! tor 
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0.7 critical it is 
(oi + Fig. 9-99 

shows the variation of phase 
shift with tuniag factor n 
and damping ratio r. Por 
an undamped seismograph 
(r = 1 ; 1 ) a phase shift of 
180^^ occurs at the resonance 
point. This is smoothed 
out the more the danaping 
approaches critical (r = 
00 : 1 ). For small damping 
ratios and ground frequen- 
cies less than instrument frequency, the seismograph moves in the same 
direction as the ground. At resonance it is 90® out of phase. For ground 
frequencies greater than the instrument frequency it moves in opposition 
to the ground. Since in eq, (9-89t)) X sin {ot — <p) — x = ground move- 
meat, the dynamic magnification of a damped seismograph (for sustained 
oscillations) is Wd = Uz/r. The ratio Wd/V is represented in Fig. 9~1(>0 
as a function of tuning factors ( 0-1 up to resonance and inverse factors 
past resonance) and relative damping 17 . 

It is seen in Fig. 9-100 that, with an increase in damping, the resonance 
peak moves toward increasing ground frequencies. The resonance fre- 
quency for a damped seismograph is 



Fig. 9-99. Phase shift of seismograph motion as a 
function of damping and tuning factor. 


Wr 


ooq 


Vw§ - 2e2 


(9-89c) 


If £ = 0, == a;o ; the resonance frequency is equal to the natural fre- 

quency. There is no resonance peak (cor = if 2e == a>o , that is, if 
7 = a/I “ 0.7 critical. To eliminate resonance, critical damping is 
therefore not necessary but merely 0.7 critical damping. 

The complete solution of the original differential equation (9-89a) is then 

2 

a = Ao-e sin (codi -f ^) -) — ■ : 7 z=.- ^^ - z:=i= =, sin {oit — cp). (9“89(J) 

This represents a superposition of a transient and a recurrent phe- 
nomenon, the former being the natural oscillation of the instrument set 
off by the ground impulse, the latter the forced oscillation. The stronger 
the damping, the more rapidly the natural oscillation dies away. Hence, 
eq. (9-896) and Fig. 9-100 describe the phenomenon fully for steady state 
conditions. 

(i. Forced oscillations] onset conditions. Stationary conditions are gen- 



Chap. D| SEISMIC METHODS 'iSit 

erall^ reached after the third or fourth peak of a sinusoidal impulse has 
been recorded. Before that, the first term in eq. (9-89(/) plays an im- 
portant part. How the seismograph records the “oii.sot” of an impulse 
depends on its damping, frequency characteristics, and initial conditions, 
that is, the -phase relation of ground and instrument motion. The simplest 
assumption in regard to starting conditions is that at the time i = 0, the 
amplitudes and velocities of both ground and instrument motion are zero, 
and. that the ground motion is a train of sinusoidal waves. The corre- 
sponding seismograph motion has been calculated by H. A. Wilson.‘® 



i<— - —J7 >4< { 

Fic». 9-100. Dynamic response of mechanical seismograph, as a function of timing 
factor and relative damping (after Meisser ). 


Some of his results are reproduceel in Fig. 9-101 for uiidamptd and taiti- 
cally damped seismometers and for various tuning factors. 

At resonance the onset of a wave train is recorded Iry an uiidaiiipt'd 
seismometer with rapidly increasing amplitudes and a ])hase shift uf 9U°. 
For critical damping, the amplitude is considerably reduced, but the VM)"’ 
phase shift in maxiiniim amplitudes remains. In a station ismtONi tt / 
{n = 3) the reproduction of the ground motion is mort* faithful, i For a 
timing factor of 10, phase shift and amplitiidt* would he still iiirilicr 

Physics, 2(3), 186-199 (March, 1932). 
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reduced.) Ground motion and instrument record are here about 180° out 
of phase. Critical damping adds no particular ad\rantage; it cuts ampli- 
tudes and introduces an additional phase shift. (In station seismometers, 
damping is usually less than critical.) In an undamped accelemmter 
(n = I) considerable interference is caused by natural oscillations. 
When damped, the natural oscillations are eliminated. The instrument 
record is nearly in phase with the ground motion and much reduced in 
amplitude. 

In the remaining part of Fig. 9-101 the reaction of various seismographs 
to a single impulse of one-half of a sine wave is indicated. At the begin- 
ning both record and ground amplitude are assumed to be zero. At reso- 
nance, the impulse starts a train of waves, the first recorded peak being 90° 


TmJitf Haifmr 
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Fir;. 0-101. Tlenctions of damped and iindaaiped seismographs to onsets of periodic 
and transient vibrations (adapted from Wilson). 


out of plia.so. With a critically damped seLsinometer, a double wave is 
recorded with reduced anipilitude, lagging OO*" in phase behind the ground 
impulse. An undamped stahon seismometer reacts rather unfavorably to a 
single impulse. A train of low-frcquency oscillations is started. The first 
peak coincides with the ground motion peak but is 180° out of phase. 
With a critically damped in.struinent, a double instead of a single impulse 
is recorded, with less than 180° phase shift between peaks. An undamped 
nccelmmicter records a single impulse e.sseiitially with its own natural 
oscillation. hen damped, it records three peaks instead of a single one, 
lh(^ main peak being almost in phase with the ground motion. 

I ho behavior of x-arioiis types of seismometers for an initial phase differ- 
(^noe of 90° l)etween ground motion and instrument po.sition has been 
calculated In” H. ]\rartin.°^ A.side from minor details the re.spoiise for 90° 


Wroeff. Reichsanstalt, 26 (Jena, 19^). 
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initial phase difference is not much different from that for O'" difiereiiee. 
H. W. Koch and V. Zeller^^ have calculated onset records for ground 
motions of gradually increasing amplitudes composed of two portions, 
X sin and — \ where is the damping factor of the ground motion. 


C. The Mechajvical Seismogeaph 

In principle a mechanical seismograph consists of a mass suspended by 
a spring. To it may be added a lever or mirror system. This then repre- 
sents a mechanical seismograph with a mechanical or optical recording sys- 
tem. The mass may also carry inductive, capacitive, or reluctance trans- 
ducei's; it then constitutes a mechanical seismograph with an electrical 
recording system, sometimes referred to merely as an electrical seismo- 
graph, detector, or geophone. Whatever the arrangement for mechanical 
magnification or electrical transmission, the characteristics of a seismo- 
graph are detemined in the main hy its mechanical design. The following 
is a brief discussion of suspensions used in their relation to the frequency 
characteristics of exploration seismographs. 

The sensitivity of a seismograph to ground vibrations depends on its 
deflection for a given load, which is inversely proportional to its natural 
frequency. It is, therefore, impossible to combine high (mechanical) sensi- 
tivity with high natural frequency. The following relations exist between 
spring constant c (force-producing unit elongation), load on the end of a 
spring F, natural frequency cc, and deflection a : 


coo 


c 

m 


ann 



(9-90a) 


where coo = 2tJq . 

E'or a leaf spring of rectangular section with the length f, breadth b, 
thickness h, Youiig^s modulus E, and sectional moment of inertia J, tin* 
.spring constant c = 2EJ/f. Since J — hh^/\2, c = Ehih/l)^ /'-i, so that 
the natural frequency 

2 t /„ = = l 

When a light ma.ss is suspended at the end of the s])riiig, 30 
of the mass of the spring should bo added to it. For stcnd .springs \( 
nioduhus is closely enough 2 X dyncs-ein “ (if tln^ gveiiu-rric diiiU'U- 
.sions are expressed in cm and masses in g). In horij^outal 


Zcit. Geophys., 12(6/6), 220-228 (1930). 
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leaf springs with mass down are sometimes used. Then the natural fre- 


quency 


Ct>o == 





3 g 
2‘i 


1 /EbA* + ^mgp 

2 T - 


(9-90c) 


Hence, when a loaded spring is turned from a horizontal into a vertical 
position, its natural frequency increases. For an inverted vertical spring 
with mass up, the natural frequency is 


6J0 = 



3 ^ _ 1 . — Qmgl^ 

2 i “ 2 y m? 


(9-m) 


For a coil spring carrying a mass, the spring constant c = 
where d is the thickness of the wire, ^ the rigidity modulus (for steel, 
8 X 10^^ dynes -cm”"^), r the radius, and N the number of turns. There- 
fore, the natural frequency 



(9-90e) 


Frequently a seismograph mass is supported by a number of springs in 
multiple, that is, terminating in the mass. Their resultant spring constant 
is equal to the sum of the individual constants, as they act the same as 
capacitances in multiple. The natural frequency of a multiple spring 
suspension is therefore alw^ays higher than the frequency of a single spring 
suspension. 

Combinations of levers and springs are used frequently in station seis- 
mographs and sometimes in refraction and reflection seismographs, since 
these give a possibility of lowering the natural frequency of the assembly 
beyond the frequency obtainable with spring combinations alone. The 
natural frequency of a combination of a lever with the length I to which a 
spring is attached at a distance a from the axis is 



If the spring is attached at a point below the axis so that a line con- 
necting this point with the axis of rotation makes the angle a with the 
lever, 

ii/m ^ '")• (9-90?) 


D. The Electromagn'etic Seismograph 

In an (^U'ctrical seismograph a transducer is employed to convert me- 
cliaiiical into electrical impulses. While the record of a mechanical seis- 
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mograph furnishes either the ground displacement or the acceleration, 
depending on frequency adjustment, the effect of the transducer in an 
electrical seismograph is superimposed on its mechanical action, and the 
(mechanical) frequency response is modified. It is least changed by a 
capacitive transducer. In piezoelectric and similar transducers, the con- 
version of mechanical into electrical energy takes place in proportion to 
the acceleration, and in electromagnetic transducers in proportion to the 
velocity of the ground motion. The voltage output of the latter is there- 
fore proportional to the ground frequency, provided the seismograph is 
adjusted to a low natural frequency. When the natural frequency is so 
adjusted that the seismograph acts as an accelerometer, its voltage output 
is proportional to the third power of frequency. Only the theory of the 
electromagnetic detector is discussed below; little is known at present 
about the theory of the capacitive and pressure transducers. The theory 
is applicable to both inductive and reluctance transducers. The overall 
dynamic response of a seismic channel is dependent on the characteristics 
of the detector, the amplifier, and the galvanometer, which will he dis- 
cussed separately. 

1 . Theory oj the electrormgnetic detector.^ Assume the transducer in an 
electrical detector to consist of a circular coil attached to the seismograph 
mass and to move in the field of an electromagnet. If the amplitude of 
the mass is a, the induced e.m.f. is 

E=-K,lj^, 0-91fl) 

where is the field of the magnet, I the length of wire, and E electro- 
motive force, Tor an undamped seismograph a = VAVsincof/ (o^o — 
and therefore 

^ sin (cot ± 90°). 

at Wo — or 

Hence, the e.m.f. generated is 

E = uX sia (ut ± 90°). (9-9U) 

COq — W" 

Tor a seismometer adjusted to a low natural frequency, 

E = Vw.r sin (w/ i 90"), (9 01c) 

See also F. Sohon, Introduction to Theoretical Seiismolug:y, V'ol. II: F. Weiuior, 
Bureau of Standards Res. Paper jN^o. 56, (1929) ; H. BeniotT, Seis. Soo. .\iner. Bull., 
22, 155-169 (1932); and other references given m Ilcilaiid, op. at., 4.52~4r>4 i 1934i. 
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that is, the voltag:e output increases linearly with frequency. For a seis- 
mometer adjusted to a high natural frequency, 

E = -HJ ^-co* X sin («t'± 90“), (9-91d) 

Wo 

that is, the e.in.f. increases in proportion to the third power of frequency 
(ground acceleration times frequency). Eq. (9-915) indicates that the 
voltage is 90° out of phase compared with the mechanical phase of the 
seismograph. Fig. 9-102 shows that for a seismograph of low natural 
frequency the voltage output increases linearly with frequency in the 
range wdiere the dynamic mechanical magnification is equal to the static 

1.50 

1.25 


0.75 **| 


0.50,, 

0.25 


ZO 40 80 ' 

U) 

Fkj. 9-102. Frequency response of electromagnetic seismograph (after Reutlinger). 
(a) Mechanical response; (b) galvanometer response. 



niaguificatioii. The curve h represents the deflection of a galvanometer 
coupled directly to the seismometer. The deviation from a straight line 
is caiised by the dynamic response^ of the galvanometer, which decreases 
with increasing frequency. 

For a damjx^d seismograph one obtains by differentiation of tho steady 
state term in eq. (9-89f/), and substitution in (9~-91e) 


2 

E = -HJVX ... -csin (iot - .f ± 90°). (9-92a) 

V (ojfl — oo^y + 4eci)- 


Witli T as a transmission constant equal to — HJC (where C is a factor 
introduced b\' short circuiting the detector through the primary of an 
impedance matching transformer), the peak e.m.f. = Em is 


= 




V^(wo + ie 


(9-925) 
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If the detector is coupled directly to a galvanometer; if the total im- 
pedance of detector, external circuit, and galvanometer is Z; and if IT = 
— HsZ/2 is a galvanometer transmission constant; the peak value of the 
current is 


v<Jvx 

V (a>§ — -f- 4«^ w* 


(9-92c) 


V<VJLJ. VJL J.C3 JCVIXU VVXl 


5^- 


u[ 


/V 


4 / 


All electromagnetic seismograph eq. 
as an inductive detector. If the coil is replaced by an iron armature 
separated by an air gap from a magnet provided with coils (telephone 
receiver), the seismograph becomes a reluctance detector or, more specifi- 
cally, an unbalanced reluctance detector. A station seismometer of this 
kind has been developed by Benioff.®^ A more advantageous design is 
afforded hy a balanced reluctance detector which is so arranged that the 
pull of a magnet on two armatures, or the pull of two magnets on one 
armature, is balanced. The Baldwin telephone receiver, most phono- 
graph pickups, and the seismic detectors shown 
in Figs. 9-11 5a and 9-11 5h are examples of bal- 
anced receivers. 

Although fundamentally the theory of these 
receivers is the same as that of the inductive 
detector as far as voltage output in proportion 
to the velocity of ground motion is concerned, 
a modification is introduced because of the de- 
pendence of the natural frequency on the mag- 
netic field. The force of attraction of the 
magnet on the armature F' opposes the elastic- 
restoring force F = cd {c = spring constant, 
d = deflection). The magnetic force is a func- 
tion of the field in the air gaps; the field, in 
turn, is equal to magnetomotive force over reluc- 
tance. If, in the schematic reluctance detector 
shown in Fig. 9-103, M is the m.m.f. of each 
magnet, the upper field for tw^o gaps in series 
is Hi = M/2(a — d) and the lower Ho = 

M/2(a + d)j w^herea is the normal gap and d the displacement from its 
position. If S is the section of the magnet, the force 

- — (Hi Hs) -- 

Neglecting in the denominator d" against a\ the force F 
Since, in the position of equilibrium, cd — F' - 


U5J 




I//. 




Fig. 9-103. Scheme of 
balanced reluctance de- 
tector. 


\na) 

= SM'd/lTTol 
0, we luivt' 


Loc, cii. 



SEISMIC METHODS 


[CHAf. 9 


5116 


d{c — SM^ixa*) = 0, from wliich it is seen that the second term repre- 
sents a negative spring constant, also called negative stiffness; 

c« = (9-93&) 


The presence of the magnetic field reduces the elastic spring constant and, 
therefore, the natural frequency is 


“0 = 

r m 



Fia. 9-104. Voltage output of experi- 
mental reluctance detector as a function 
of gap length. 


SM^ 

d.rr^rt^ 


(9"93c) 


When the armature or magnet 
moves, the flux ^ = SH changes, 
since the gap width and hence the 
reluctance increases or decreases, 
respectively. In a balanced de- 
tector the two armatures are so 
wound that opposite flux changes 
above and below produce an e.m.f. 
in the same direction. The flux 
through the tipper two gaps (disre- 
garding the deflection d) is SM/a, 
The same flux passes through the 
lower gaps, so that ^ = 2SM/a. 
If N is the total number of turns 
on the two armatures, the induced 


e.m.f. 


da 

dt da dt 


so that 




2NSM 


dt 


By substitution of the time derivative of tlic steady state term in eq. 
(9-89^), 


E 


NSM 


z-rr-r z..^ -IT Sm 

2\2 , ^ 2 2 

Cs) ) -T O 


+ 1 + ^ 


)• 


The voltage output increases, therefore, in inverse proportion to the 
square of the gap width which is verified by the experiment represented 
in Fig. 9-104. Analysis of this curve gives 94-aOTm'^^ millwolts for the 
e.m.f. in this case. The de\dation from the exponent —2 is probably 
caused by the fact that in eq. (9~94h) the variation of wq with gap width 
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is not considered. Fig. 9-105 shows the resix)iise curve of various com- 
mercial reluctance detectors and one inductive detector in teims of voltage 
developed on the fii'st amplifier grids for ground motions of Iju amplitude. 



pici. 9-105. Voltiige at grid of first amplifier tube in millivolts per mkroii ground 
motion (tliroiigli impedance matching transformer) of some commercial reflection 
detectors. R, reluctance detectors; /o, iuductive detector, oil damped; 7^ inductive 
detector, electromagnetically damped. 

The difference iii the response curves N and aSI is due to the tact that 
IS adjusted to a low and .V to a high natural frequency, 

2. A7n2)lifiei\ A specific solution for the response oi an uiiiplitiei is 
difficult to give because of the complexity and variety of the individual 
circuits employed. As a rule, detector and galvanometer are coupled to 
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the amplifier by transformers which are inefficient in the range from 0 to 
20 cycles. Therefore, the response of a seismograph amplifier rises with 
frequency in this range. Depending on interstage coupling, some ampli- 
fiers have an essentially straight response, others ieep rising in the range 
lip to a hundred cycles, and still others are peaked- Peaking may be 
accomplished by filters or by resonant circuits. In view of these differ- 
ences a general and approximate solution only may be given. The re- 
sponse may be considered equivalent to one obtainable by assuming a 
definite damping factor and a natural frequency approximately equal to 
the peak frequency. 

In the steady state the general equation for the amplitude of a force- 
coupled system is 


2 /= Va 


yf (cOa — COo)^ 


I 2 2 

+ 4€a03 


Y sin (coi ““ <p)y 


(9-95) 


where Ya is the equivalent magnification or gain of the amplifier, coa its 
equivalent natural frequency, 6a the equivalent damping, y the output 
(current), and Y the peak value of the input voltage. As is shown below, 
the above expression fits the experimental results, although its simplified 
form is equivalent to disregarding the action of input and output devices. 

3. Galvanometer. Three types of galvanometers (Fig. 9-106) may be 
employed in seismic recording channels: (a) oscillographs, (b) coil galva- 
nometers, and (c) string galvanometers. All have in common a magnetic 
field and a current-carr^dng conductor in this field. In a string gal- 
vanometer only one conductor is present; its motion in respect to the 
lines of force is transverse. In coil galvanometers and oscillographs, two 
conductors are traversed by currents in opposite directions so that a rota- 
tional motion results. 

In an oscillograph, assume a bifilar loop to be suspended in an air gap 
of the length L of a magnet with the field strength . The distance of 
the wires or ribbons is 2d ; its plane of rest is parallel with the lines of force; 
T is the equivalent torsional coefficient of the suspension; K the moment 
of inertia of the wires inclusive of that of the mirror; and p the deflection. 
Then the equation of motion for free oscillation is Kp + rp = 0. For the 
deflection <p produced by a current I, the torque is —2'KJLd cos tp. Since 
2L(I is the area S of the loop between the pole pieces, the current torque 
is ~H„S/ cos p. In the equilibrium position this is balanced by the 
elastic torque of the suspension rp, so that for static deflections T<p = 
HSJ cos (p. For small angles cos p 1, so that the equilibrium of elec- 
trical, elastic, and inertia forces in the state of oscillation is given by 


Kp + rp ^ HS/. 


(9-96a) 
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Cambridge Instumml Co. 

Fig. 9-105a. Multiple string galvanometer in camera. L, Lamp; S, string harp; 
M, synchronous timer motor; jP, prism; F, fork. 



Heiland Research Corp. 

Fig. 9-1 06b. Multiple-coil galvanometer (four channel) in caniora. (A twelve- 
element camera is shown in the center of Fig. 9-78.) 

This holds for undamped oscillations. Damping in galvaiiorui'ters is 
composed of electromagnetic and viscosity (air or oil) damping. The 
former results from a counter e.m.f, set up in the coil by its motion when 
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it is connected to a load. This load may be the seismograph coil or the 
transformer secondary in the output stage of an amplifier. The counter 
e.in.f . Ec = HSp, where is the velocity of motion. The current resulting 


from it is, for pure D.C. resistances in the circuit, Ic = 


HS 


7 '(p, where 


R + R' 

R is the resistance of the external circuit and the oscillograph resist- 
ance. Since the torque of a current, /, passing through the loop, is HSJ, 

the torque due to the counter e.m.f. is as the 

JK. “T Jv 


electromagnetic damping factor. To this may be added a damping factor 
dm resulting from mechanical damping (oil or the like), and their sum 
dff + dm may be combined into a resultant galvanometer damping 
factor dg . Then eq. is Kp + d^,^ + = H^SZ. Dividing by 

Ky and letting ig/K = 2 €g (the damping constant of the galvanometer) 
and t/K = col (hhe square of the natural frequency of the galvanometer), 
we get 


<P + 2€g*<P + Oig(p ^ 


K 


(9-96b) 


This may be converted into record amplitudes b by letting b = 2 ^D, 
with jD as focal length of the lens in front of the oscillograph mirror: 

b ■i-2e,6+ co^^ = . i. (9-96c) 

zi 

For a coil galvanometer the right side of the last equation is multiplied 
by Ng , the number of turns in the galvanometer coil, so that 

h + 2e,.b + . /. (9-96rf) 

In a string galvanometer a wire or ‘^harp’^ of wires of the free length I 
is suspended between pole pieces of the length L in a field of the strength 
H ;7 . The natural frequency of a string (fundamental) is given by 



where a is its sectional area, E the tension, and 6 the density. The free 
oscillation with combined air and electromagnetic damping and with m 
as mass of the string is then 

b “h 2eg-b “h ojpb = 0, 

where b is the deflection corresponding to a current I as viewed under a 
microscope of the magnification AT, so that h = ULIM. Hence, the gal- 
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variometer equation corresponding to (9-96rf) is 

h 4- 4 1. (9-06e) 

7Tb 

Eqs. (9-96c, d, and e) may be written in the same general form by 
denoting the factor of I on the right side as galvanometric magnification 
factor (static or D.C. sensithity) 7, , divided by K: 

b + 2fgb + (alb = ^ • /. (9-97a) 

The solution of this equation for a current of the preak value Im and the 
frequency w is 

h = Ce-‘«‘ sin i(a,,t + p,) + - j . \ sin +^,), 

V \(i>Q — CO ) + 

(9-S76) 

where is the damped frequency of the galvanometer, the iuitial 
phase angle, and the phase shift between galvanometer record and im- 
pressed current. Galvanometer response curves for steady state conditions 
(second term in eq. [9-97b]) are shown in Fig. 9-107 for various damping 
rates. It is noted that these curves show the opposite behavior compared 
with the response of a seismograph. While the dynamic magnification of 
the latter increases to the static level for tuning factors greater than 1, 
the dynamic response of the former decreases for tuning factors greater 
than 1 below the (D.C.) static sensitivity. In a seismograph response 
curve, the resonance frequencies move toward greater tuning factors with 
increased damping. In a galvanometer response curve they move toward 
smaller tuning factors. The resonance frequency of a galvanometer is 
= \/oo^ — 2tl . 

Fig. 9-108 shows response curves of a number of commercial seismo- 
graph galvanometei's. 

4. Over-all response. To obtain the over-all response of a recording 
channel, that is, the galvanometer deflection for a ground impulse of given 
amplitude and frequency, the dynamic responses of detector, amplifier, 
and galvanometer are combined. A similar problem arises in station seis- 
mology. Various authors have discussed the reaction of a galvanometer 
coupled directly to a seismograph. Two extreme cases exist: (1) the 
seismograph mass is large and the galvanometer mass small, so that the 
seismograph is essentially the driving and the galvanometer the driven 
unit, with no energy going back into the seismograph from the galvanome- 
ter; (2) seismograph and galvanometer masses are comparable, so that they 
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represent a coupled system with comparable merits of its members. The 
latter leads to fairly complex eqxiations, discussed by Wenrier^^ and 
Schmerwitz.^^ 

The first case, involving an energy transfer in one direction only, has 
been calculated by Galitzin. When an amplifier representing a unilateral 
impedance is employed between seismograph and galvanometer, Galitzin^s 



Pig. 9-107. Frequency response of galvanometer, as a function of tuning factor and 

relative damping. 


solution is applicable, provided that the amplifier action is equivalent to 
that of a system with simple static magnification. 

Combining eq, (9~97a) with eq. (9-92c) and lumping all constants, so 
that Vj,-V-ir/iiC = C, we obtain 

C ^ XT 

b + 2egb o}lb — sin (coi zh 90° + <^ 0 ), 

V (ojo — co"/ + 4e''w 


of which the skcidy state solution is 


-- cjy +• co" V^CwO — H- 4:€ 


Xo) sin {cot rt 90^ ^ “h (fig)- 

(9-98a) 


F. Wenner, loc. cit. 

G. Schmerwitz, Zeit. Geophys., 12(5/S), 206“220 (1936). 
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Pig. 9-108. Kespoiise of various commercial reflection galvanometers. 


Hence, the over-all dynamic magnification of a galvanometir for gran n/l 
motions of the peak a?nplitude X, -whcii coupled directly to a iseismoinet or, 
maybe written in terms of their respective dynamic magnifications: 

W'r (9-9Sf.) 

Expressions for special cases of over-all magnifications are of interest. 
When both seismometer and galvanometer are critically damped, the 
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damped frequency factors (in the denominator of eq. [9-98a]) are 


or 


0 «) = — ~ 2 Ud ) = 2 ^ —2 

o>g + O) Wo + o; 


(/.) = 


c^lii + K) 


and (fd) = 


<^1(1 +nl)' 


where tig is the tuning factor (= o/ojg) for the galvanometer and %( = co/o)q) 
the tuning factor for the seismometer. Therefore, eq. (9-98a) can be 
greatly simplified by making the two tuning factors equal, that is, making 
the natural frequency of the galvanometer equal to that of the seismo- 
graph. Then the product of the frequency factors (fg) and {fd), multiplied 
by (J in the numerator, is nVt*>o(l + so that the over-all magnifica- 
tion is 


C n 

* (l + n^y' 


(9-98o) 


The function n^/{l + n^)^, given in eq. (9-98c), is shown in Fig. 9-109. 
It has its maximum at 1 /n = 0.577. Vhen galvanometer and seismograph 
frequencies are equal and both are critically damped, the response is 
peaked at a frequency 1 ,78 times the natural frequency. Galitzin gives 
an instructive example showing that one seismometer with a period of 12 
seconds was peaked at a period of around 6.9 seconds, while another with 
a period of 25 seconds was peaked at 14.6 when connected to galvanometers 
of matched natural frequencies. For 0.7 critical damping the damped 
frequency factors are 


(Q = 


ivr+ 


and 

.4 


n 


{fd = 


0)0 \/l + 


so that for equal frequencies of seismometer and galvanometer the over-all 
dynamic response is given by 


W 


C 

Cfc)o (i "f" 


(9-98d) 


This curve is shown in Fig. 9-109. The over-all magnification is greater 
(less damping), the curve peak has moved closer to the tuning factor of 1. 
The maximum is ^il[n = 0.77, that is, for a detector and galvanometer 
which have equal natural frequencies and are 0.7 critically damped, the 
over-all peak occurs at l.S times their natural frequency. Conversely, a 
linear response may be produced by making the galvanometer frequency 
a multiple of the seismometer frequency. Then, for 0.7 critical damping, 
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^1 + If the galvanometer 
frequency is ten times higher than the seismometer frequency, the product 
of the frequency factors (/,)•(/<?) = l/wo\/(L0* + r4)(l + 4), which 



Pig. 11-109. Dyiiiiiniie rospoiisD of seismograph tiiid galvanometer of equal iiatur:il 
frequency and equal damping. 

is seen to indicate an approximately linear increase of dynamic response 
with frequency (see Fig. 9-110). In such a case it is comparatively easy 
to superimpose amplifier-filter eharacteiistics upon the seismometer-galva- 
nometer response and to peak at any desired frequency. The over-all 
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response Wr of detector, amplifier, and galvanometer is (from e(js. [9-926], 
[9-95], and [9-98o]) 


d-Wa-T-o (9-99) 


where Va (/a) /if = W^. 

The resultant dynamic magnification of the entire channel is therefore 
proportional to the product of all dynamic magnifications and to a trans- 



mission constant. Fig. 9-111 shows the characteristics of a peaked ampli- 
fier superimposed on the detector-galvanometer curve of Fig. 9-1 10. The 
over-all response is calculated for an amplifier peaked at three times the 
natural frequency of the detector, with an equivalent damping rate of 
0.316, so that its damped frequency factor (/„) = 1/ " 

Therefore, = « /a = Soo, , ,« = 0.316, and = rh/3, (fa) = 

l/ojoy/gl — 14.4no -|- i When multiplied by the factor represented 
in Fig. 9-110, this gives the theoretical curve shown in Fig. 9-111, which 
is seen to agree well with the results of test block experiments. 
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E. Reyiew or Prospecting Seismographs 

Prospecting seismographs may be divided into mechanical and electrical 
types. The latter, in turn, fall into three groups: electromagnetic, ca- 
pacitive, and pressure detectors, as was discussed previously in connection 
with, the description of reflection instruments. A reflection detector may 
be used for refraction work, but not vice versa. Almost all such detectors 
record the vertical component of the ground motion. 



Fig. 9-111. Comparisoii of calculated and experimental response of detector, 
amplifier, and galvanometer for given tuning factors and damping rat ios. 

1. Mechanical seisnogra'phs. Mach of the first refraction work was 
done with the Mintrop mechanical seismograph®^ (see Fig. 9-112). Pen- 
dulum and recorder are separate as inmost other mechanical seismographs. 
The former is a vertical-component instrument, consisting of a spherical 
mass attached to a leaf spring. The mass carries a long, cone-shaped 
extension with a thin spring at its end which rubs against a spindle carrying 
a mirror. The movement of the lever is damped electromagnetically. 1 n 
the recorder the un exposed paper is housed below’ and fed through a 

C. A. Heiland, Eng. and Min. J., 121(2), Fig. 18 (Jan. 9, 1926). 
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number of rollers past a cylindrical lens and a time-marking mechanism. 
This consists of a pendulum which interrupts a light beam at periodic 
intervals and projects dashes every 1/10 second on the paper. The 
paper is started by pressing an idler against one of the rollers driven 
by the spring motor. By the above combination of mechanical and 
optical magnification, high over-all magnification is obtained. If V is 



Fio. 9-112. Mintrop mechanical seismograph and recorder. 


the geometric magnification of the lever, r the radius of the mirror 
spindle, and D the focal length of the lens iu front of the seismograph 
mirror, the over-all magnification is 2Dy Jr. In this manner magnifications 
from 15,000 times and up are I'eadily obtained. At a receiving station 
seismograph and camera are generallj^ set up in a small tent. These 
are supplemented by a mirror device on a tidpod next to the seismograph 
for the recording of the shot instant transmitted by radio. 

Another type of mechanical seismograph that was widely used for refrae- 
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tion shooting is the Schweydar-Askania two-component seismograph. 
Descriptions and diagrams of it are given by Edge and Laby.®^ The 
construction of the vertical seismograph is similar in regard to suspension, 
mass, and lever, to the Mintrop seismograph. The mass is suspended 
from a horizontal spring, whereas the horizontal seismograph mass is sus- 
pended on a vertical spring. The combined instrument is so set up that 
the plane of this spring is at right angles to the firing line. In the earlier 
models a bow-string attachment transferred the movement of the end of 
the lever to a mirror spindle. The illustrations in Edge and Laby give 
the details of this arrangement. In later models, a string was tied to the 
end of the lever, wrapped around the mirror spindle, and kept taut by a 
spring. 

The natural frequency of both seismometers is about 15 cycles. Damp- 
ing is accomplished hy a vane attached near the end of the lever and im- 
mersed in. an oil chamber. In the models developed subsequently, the 
masses are cylindrical and the magnifying lever is somewhat shorter than 
in the first model. Provision is made for attaching a mirror device to 
the head of the instrument so that the shot instant may be recorded on 
the same strip as the two components. 

Several other mechanical prospecting 
seismographs were constructed, in the 
period from 1924 to 1929, by Richer, 

Truman, Taylor, and others. 

2. Electrical seimiographs. (a) Electro- 
magnetic seismographs. A modification 
of the Schweydar mechanical seismograph 
was used extensively at one time as an 
inductive seismograph. A coil was at- 
tached to the end of the magnifying lever. 

This was free to move in the field of an 
electromagnet supplied with current from 
a storage battery. The period of this 
seismograph was about 0.03 second. It 
was used without intermediate amplifier 
with a Zeiss loop galvanometer. Fig. Fig. 9-ll3a. _ Dual-coil induct i(ui 
9-1 13a shows a dual-coil variant of the seismograph, 

original instrument. In the Cambridge 

Instrument Company’s electromagnetic refraction seismograph, the magni- 
fying lever makes an angle with the horizontal. A string is fastened to its 
end. This in turn is wound around the shaft of a galvanometer acting as 
a generator. The seismograph is used in connection with a Cambridge 
string galvanometer. 

Op. cit., figs. 158-160 and 255-257. 
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The Imperial Geophysical Experimental Survey used aa inductive seis- 
mograph ill which the mass consisted of an electromagnet suspended from 
a diaphragm. The pickup coil was stationary between the poles of this 
electromagnet (see Fig. 259 of Edge and Laby) and was connected to a 
Cambridge string galvanometer. Illustrations and diagrams of a multiple- 
string galvanometer used for refraction shooting by the LE.G.S. are found 
in Figs. 153, 154, 156, and 253 of Edge and Laby's book. 

Fig. 9-1136 illustrates an inductive seismometer with single coil moving 
in the field of a permanent (pot-type) magnet. Fig. 9-114 represents a 
portable four-channel refraction seismic apparatus for shallow depth prob- 
lems in which inductive detectors 
to m0ier electromagnetic damping are 

employed. 

Reluctance electromagnetic seis- 
mographs have been developed 
most extensively for reflection 
shooting. Twm balanced-arma- 
ture types are shown in Fig. 9-115. 
They are very elBScient, well 
adapted to intermediate and high 
natural frequencies, and may be 
used for both refraction and reflec- 
tion work. 

Pig. 9-1136. Inductive seismometer. (6) Capacitive seismographs. The 

condenser (or radio) seismograph 
has been applied in vaiious countries for refraction work, and it is used in 
this country for reflection work by one or two companies. Various ‘Tadio^’ 
seismographs have been described by Haeno®^ and A condenser 

seismograph, suitable for application in reflection work, is shown diagram- 
matically in Fig. 9-116. The 6scillatory circuit and tube are closed in the 
detector box, with the seismometer mass acting as the movable plate of a 
variable condenser. A quadruple cable supplying A and B voltage goes 
from the detector to a three-stage-resistance coupled amplifier, which is 
coupled through a transformer to an oscillograph or string galvanometer. 

A detailed discussion of the condenser type detectors has been given by 
Irland.^'^ Various mechanical seismometers of the horizontal and vertical 
type were equipped with a capacitive transducer changing the phase of 
two coupled oscillators.^^ Simultaneous shaking table and instrument 

Japan. J. Astron. and Gcophys. , 8(2), 39-50 (1931). 

*■’3 Union Gcophys. Trav. Sci. A(9), 1933. 

G. A. Irland, A Study of Some Seis?nometerSt U. S. Bur. Mines Tech. Paper Ko, 
556 (1934). 

U. S. Bur. Mines Tech. Paper Ko. 518 (1932). 
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W eiland Re&matdi. Cmrp, 

Fia. 9-114. Portable seismic four-channel apparatus. ^ , Pour-channel amplifier; 
B, blaster; C, camera with timer, dry-cell operated; D, daylight developing tank; 
E, detectors. 



(a) (b) 

Fig. 9-115. Reluctance detectors. 



records showed that a capacitive detector of proper frequency and damping 
adjustment records sustained ground motion and transients accurately aiul 
in proportion to the ground displacement. In the course of tln‘ experi- 
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(c) 

Fig. 0-117. Ambronn accelerometer-refraction sesimograph (partly after Sineriz). 

ments a compensated-spiing-type vertical seismometer was developed , 
which resembles in construction the La Coste®® instrument. 

L. J. B. La Coste, Physics, 6, 178 (1934); and Seis. Soc. Ainer. Bull, 26(2), 176 
(1935). 
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(c) Pressure seismographs. Modifications of the carbon inicTophoiie 
were employed in the days of refraction shooting and are still in use in some 
civil engineering applications. They have definite limitations because of 
high noise level and packing. Their use for reflection work has been vir- 
tually abandoned. The I.G.E.S. employed a Western Electric mining 
detector of the carbon type for shallow refraction applications®' in con- 
nection with a string galvanometer recorder. They further used a hot 
vdre seismograph, consisting of a geophone in which the air displaced by 
the movement of a diaphragm of fairly large diameter is forced through a 
small orifice. In this orifice a platinum wire heated by a battery is located 
and is cooled by the air flowing past it. The wire grid is arranged in one 
arm of a Wheatstone bridge, the indicating device (string galvanometer) 
is in the center arm of the bridge, the re- 
sistance of the wire being varied in pro- 
portion to the velocity of the motion of the 


The Ambronn accelerometer which was 
used extensively in the earlier refraction 
work, notably by Sineriz in Spain (see Fig. 

9-1 17a), is likewise based on variations of a 
resistance due to ground vibrations. The 
mass is suspended from two springs; two 
contact points are arranged on the mass 
and on a beam balanced on a knife edge. 

The position of the beam and, therefore, 
the contact pressure may be controlled from 
the recording truck by varying the current 
through a solenoid surrounding an armature 
on the beam. The contacts are arranged 
in a Wheatstone bridge, as shown in Fig. 

9-117?>. Individual string galvanometers 
of high sensitivity are used atG to record the 
variations in acceleration. The critical pres- 
sure on the contact is adjusted on a control 
panel in the recording truck by the circuit 
shown on the left side of Fig. 9-1 17h. A 
quadruple cable is required from the truck to each detecioi*. 

Piezoelectric or crystal detectors have been used for both i^frartUm and 
reflection applications, A crystal detector with preainplifitT is illustrated 
in Fig. 9-118. A piezoelectric receiver and equipment suitable lor retrac- 
tion and reflection applications was described by Ambronn. 

See p. 212 of Edge aud Laby’s report. 

See Figs. 152, 260, and 261 in Edge and Laby. 

World Petrol. Congr. B.I., 165-168 (London, 1934 1 . 
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F. Photogbaphic Eecording; Time Mabking 

In station seismographs, most recording is done mechanically hy pens 
writing white lines on blackened paper fastened to a drum. The drum 
rotates and is shifted sideways by a thread cut on the drum shaft. Time 
marks are recorded by means of the pens being lifted or shifted by an 
electroraagaet actuated from a contact chronometer. In light-weight 
station seismometers, such as the Wood-Anderson seismograph, and in 
galvanometric recording instruments, such as the Benioff and Venner 
seismometers, records are taken photographically on sensitized paper. 
Time marks are provided by interrupting the light beam with a shutter 
actuated from an electromagnet or by deflecting the trace for a short in- 
terval by a mirror or prism mounted on a relay connected to the contact 
chronometer. Both niechanical and photographic recording is used in 
vibrographs, depending on the sensitivity of the instrument. In some 
types the record is made on celluloid strips by a pointed needle and is 
inspected under a microscope. Disk recording has not been applied in 
seismology. In high-speed recorders time marks are projected by me- 
chanically started vibrating reeds with shutters, or by electrically sus- 
t^ained indicators (galvanometers, reeds, oscillographs) driven from tuning 
forks or V.T. oscillators. 

In virtually all prospecting seismographs, records are taken photo- 
graphically on rapidly moving paper varying in width from 2 to 6 inches. 
To obtain good quality of reproduction, attention must be paid in the field 
to the proper concentration, temperature, and freshness of the developing 
and fixing solutions.^^ The speed at which the paper travels is about 3 
to 10 centimeters per second in refraction recording and 30 to 40 centi- 
meters per second in reflection recording. Provision is usually made for 
simultaneous visual observation and photographic recording. This may 
be done by splitting the reflected light beam, by providing separate inci- 
dent and reflected beams for the visual and photographic system, or by 
viewing the light spots from the rear of the camera through paper. Even 
paper speed increases the accuracy of record evaluation; hence, the recorder 
drive is usually equipped with a fairly elaborate governor. 

Time marking may be accomplished in various wa^^s. In recorders used 
with mechanical seismographs, a small pendulum provided with a shutter 
arrangement is set in motion at the instant of firing. In reflection cameras, 
a reed of higher frequency (50 cycles) electrically sustained from a tuning 
fork or vacuum tube oscillator may be used. This has a shutter arrange- 
ment to project dashes on the paper (if the reed is mounted close to the 
paper), or to project time lines across its entire width (bj^ reflecting light 

F. A. Tompkins, Geophysics, 1(1), 107-114 (Jan., 1936). 
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from a mirror attached to the reed to a stationarT mirror and thence to 
the cylindrical lens). Instead of a reed a regular galvanometer may be 
used to project a time wave on the record. This is the method used for 
calibrating time lines with a standard fork (see below). Another con- 
venient way of projecting time lines across a record of almost any width 
is to mount a neon tube close to the paper and to connect it to an elec- 
trically driven tuning fork through a high tension step-up transformer. 
An arrangement now in very common use is a synchronous motor driven 
by a tuning fork. To its shaft is attached a spoked wheel for shadow 
recording, or a slotted drum for black on white recording. This gives the 
possibility of making every fifth and tenth time line heavier, which simpli- 
fies evaluation of the record. Finally, a tuning fork alone may be used 
to project time lines across the paper by attaching shutters to its tin^ 
and projecting a light beam through them onto the cylindrical lens. 

In all timing devices, reeds and forks must be compensated for tempera- 
ture or he made of metals of low temperature coejfficient of elasticity. 
Timing devices in fiield recorders should be checked once a month against 
a standard tuning fork which should be so arranged that it may be readily 
connected to one of the regular galvanometers in the recording camera. 

G. Calibeation of Sbismogeaphs 

In station seismology, the calibration of instruments is a comparatively 
simple inatter and involves deteiminations of natural period, friction, and 
damping. Natural frequency and friction rnay be obtained from free 
vibration records with damping disconnected; damping is determined from 
the ratio of consecutive amplitudes with damping mechanism connected. 
The static magnification V of a seismograph may be obtained by adding 
a known nrass m, and measuring the deflection a of the pen. Then 
V = amQo:Qfmg, where niQ is the mass andcoo the natural frequency of the 
seismograph. For electrically recording instruments, determination of 
galvanometer characteristics and transmission constant is necessary in 
addition to the calibration of the seismometer. GalitziiF^ has described 
this procedure in detail. 

The calibration of the mechanical prospecting seismograph proceeds in 
essentially the same manner as calibration of station seismometers. X iitu- 
ral frequency, friction, damping, and magiiihcation are determined ns 
discussed above. Calibration of electrical prospecting seismographs is 
rendered more elaborate because it has to extend not merely to one, Ijiit 
to as many units as there are recording channels. Further, requirements 

B. Galitzin, Vurlcsungeti ueber Seismoiuetrie, Chaps. Gaiul 7, Teiiljner, 

1914). Sec also F. W. Sohon, IntrodvLCiion to Tkcoretical Si'i^ntology, Wiley 
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for reflection seismographs are more rigorous than for refraction seismo- 
graphs because not merely the first but later impulses haye to be recorded 
as faithfully as the particular geologic situation requires and must be 
balanced in regard to both amplitude and phase. The following section 
deals chiefly with the calibration of electrical reflection seismographs, that 
is, calibration of pick-ups, amplifiiers, and galvanometers and determina- 
tion of over-all response. 

1. Detectors, Both mechanical and electrical characteristics must be 
determined. The former include: (a) natural frequency, (6) deflection 
(geometric magnification), (c) friction, and (d) damping. 

The natural frequency of the detector may be determined in a number 
of ways. A mirror device’^^ may be attached to the mass of the seismograph, 
and its free vibration may be recorded on a laboratory camera provided 
with a timing mechanism. Tor this test damping must be eliminated. 
If electromagnetic damping is applied it should be disconnected. From 
the record, natural frequency and friction may be determined as previously 
described. The natural frequency may also be obtained from the reso- 
mnoe freqmmy by (a) driving the seismograph with an electrical oscillator, 
or (6) by observing its mechanical or undamped electrical response on a 
shaking table. 

Mechanical deflection tests make it possible to determine the static sensi- 
tivity and thus the static magnification of detectors. A small mass is 
placed on the seismograph mass. Its deflection is observed as stated 
above, or the deflection of the magnification lever is observed by a micro- 
scope or mirror device. 

For the determination of damping, overshoot records are best suited, 
since the detectors are usually critically or iiear-critically damped. Damp- 
ing may be determined also from the shape of the dynamic response curve 
of a detector taken on a shaking table. Possibly simpler is the procedure 
of driving the detector from a beat oscillator with constant input at varying 
frequencies. This, will result in a dynamic response curve of a force-driven 
devdce, from which the damping rate may be determined. Damping 
tests should be made for various oils and various temperatures unless an 
(dectromagnetically damped detector is iLsed. 

Virtually the only important electrical characteristic of a detector is its 
output for a given ground amplitude and frequency. It is best defined in 
units of open-circuit volts per micron ground motion (see Fig. 9-105), 
Since it depends on the impedance of generator and load, detectors of 
different impedances can be compared only by using a matching trans- 
former whoso secondary may be coupled directly to a vacuum tube volt- 
's For the d(?tails of tlu\se and other seismograph calibration methods see Heilaiid, 
op. CiY., 434 (1034). 
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meter grid to give open circuit voltage. With a shaking table, the var- 
iation of voltage output with ground frequency may be obtained; the 
amplitude of the table may be measured by various means described 
in the literature on shaking tables/* 

A quantity related to the voltage output is the electrical sensitivity of 
a detector when it is used as a motor. This is the mechanical deflection 
for a given current input and is thus proportional to Galitzin’s transmission 
constant, inasmuch as it includes the circuit characteristics and the 
strength of the magnetic field in the detector. However, this is a test 
that will give only qualitative comparisons of detectors with similar circuit 
characteristics. Being a static determination, it is inferior to a shaking- 
table test. 

2. Amplifiers, In radio practice it is customary to rate amplifiers in 
terms of decibel gain. A test to determine gain can also be applied to 
seismograph amplifiers by using a fixed voltage input and determining the 
output on a vacuum tube voltmeter. Output should be measured in the 
plate circuit of the last tube, inasmuch as with most galvanometers a 
stepdown transformer is used. The gain so measured is useful for relative 
comparisons only; for seismograph amplifiers it is more convenient to 
measure gain together with galvanometer response as described below. 

3. Galvanometers. Quantities characterizing the action of seisnodc galva- 
nometers are natural frequency and damping and static (D.C.) sensitivity. 
Together they determine the dynamic response. The natural frequency 
of the galvanometer may be determined from free oscillations by pluck- 
ing it or giving it an electrical impulse after removing or disconnecting 
the damping. This test may be made in the regular camera. Possibly 
simpler is a determination of the resonance frequency by using a beat 
frequency oscillator. Damping is obtained from overshoot records or from 
a dynamic response curve. The static sensitivity of a galvanometer is 
determined by observing the scale deflection for a given current, visually 
or photographically. If an even rating of galvanometers of different con- 
struction is desired, their natural frequency, impedance, and optical lever 
must also be considered. The D.C. test of a galvanometer will generally 
show whether the unit is performing properly and whether friction is 
present without requiring a separate friction test. 

4. Comhined amplifier end galvanoimter response. This test has several 
advantages over separate amplifier and galvanometer tests: (a) the re- 
sultant response can be obtained more nearly quantitatively and in terms 
more closely related to the practical application (galvanometer deflection 
for a given voltage input of a given frequency) ; (b) tests for quiet operation 


’^Heiland, op. at, 454 (1934), (bibliography on shaking tables). 
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are readily made; (c) tests can be made in the recording truck to determine 
whether coupling mth timing or shot instance transmission circuits, and 
the like, is present. 

The combined amplifier and galvanometer response is measured m terms 
of galvanometer deflection for constant signal input. By varying the fre- 
quency of the signal, the combined amplifier and galvanometer dynamic 
response is obtained. This test should he made for all possible filter 
positions. 

5. Over-all response. The over-all response of an entire seismic channel 
is measured by placing the detector on a shaking table, connecting it to 
its amplifier and galvanometer, and measuring the galvanometer deflection 
for a given ground amplitude at varying frequencies. Measurements are 
made for the various filter positions and for various settings of gain con- 
trols in amplifier and galvanometers to determine effects of automatic 
volume control devices, if these are incorporated. 

6. Varioits other tests oj seismic equipment include tests of the timing 
system by standard forks, parallax tests to determine time lag between 
shot instant record and galvanometric record, and phase tests. When all 
component parts of a recording channel have been balanced properly in 
respect to their mechanical and electrical characteristics, phase differences 
should not occur. Whether and to what extent they exist may be deter- 
mined by a phase shot, that is, a reflection shot taken with all receivers 
set together closely at the same location. Fig. 9-119 shows a phase shot 
made with a 12-channel apparatus. 



Fig. 9-119. Twelve-element alignment record. 
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ELECTRICAL METHODS 

r. INTRODUCTION 
A. Tunda^mentals 

Electrical pROsrECTiira in the most general sense may be defined as 
prospecting by electricity for mineral deposits and geologic structnres. 
Contrary to geophysical methods previously discussed, each of which makes 
use essentially of one field of force — gravitational, magnetic, or elastic — 
there is much greater variety in the type of electrical fields and in methods 
of observation employed in electrical prospecting. First, an ore body may 
act as a battery and furnish its own electrical field; second, the ground 
under test may be energized by extraneous fields and the reaction of sub- 
surface conductors to such fields may he measured. Both direct current 
and alternating current are used; the latter gives not only greater sensi- 
tivity but additional physical quantities, which helps in the interpretation 
of the results. Direct current can be introduced into the ground only by 
galvanic contact, but alternating current can be applied by both contact 
and inductive coupling. The resulting fields are measured by instruments 
making contact with the ground by electrodes, or by employing inductive 
coupling with reception frames. Thus, in reference to observation meth- 
ods, electrical methods may be divided into potential and electrornagneiic 
methods. 

Electrical exploration uses a wide range of frequencies. Those from 5 
to about 100 will be referred to herein as low frequencies, from about 200 
to lOOO cycles as intermediate, from 10 to 80 kilocycles as high, and from 
about 100 kilocycles to several megacycles as radio freqiioiieies. Low 
frequencies are applied in potential methods, intermediate frequencies in 
both potential and electromagnetic methods, liigh frequencies in electro- 
magnetic methods, and radio frequencies in radio methods. Since depth 
penetration decreases rapidly with frequency, the practical utility of high 
and radio frequencies is limited. 

With the exception of the self-potential method, electrical prospecting 
falls in the group of hidirect geophysical procedures which involve an 

619 
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SYMBOLS USED IN CHAPTER 10 


a 

distance, radius, semiaxis 

a 

factor 

b 

distance, semiaxis 

b 

coefficient 

c 

constant 

c 

light velocity 

d 

distance, depth 



e 

electrical charge 

e 

2.718 

f 

frequency 

g 

conductance 

h 

height, depth, thickness 

h 

capacitive susceptance 

i 

current density 

i 

number 

j 

vri 



k 

reflection factor 

k 

number; factor 

1 

distance, length 

1 

ion mobility 

m 

electrical, magnetic moment 

m 

factor 

n. 

valency 

n 

number 

P 

adsorption potential 

P 

factor 

Q 

ratio 

q 

factor 

r 

radius, distance 

r 

ratio 

8 

distance, thickness 

s 

specific heat 

t 

time 

t 

absolute temperature 



u 

ratio 

V 

volume 

V 

velocity 



w 

viscosity 

X 

coordinate 

X 

reading 

y 

coordinate 

y 

reading 

z 

coordinate 

A 

factor 



B 

factor 

C 

capacity 

C 

ion concentration 

1> 

difference 

B 

displacement 

E 

electromotive force 

£ 

electrical field strength 

F 

Faraday constant i 

F 

field 

G 

gravitational constant 

H 

magnetic field strength 

I 

current 



K 

diffusivity (of heat) 



L 

inductance 

L 

factor 

M 

mutual inductance 

M 

factor 

N 

turns 

N 

factor 

P 

(solution) pressure 

P 

polarization 

Q 

quantity (of heat) 

Q 

factor 

E 

resistance 

R 

radius, distance 



R 

gas constant 



S 

surface, area 

T 

time constant 

T 

total field 

U 

vector potential 

U 

factor 

V 

potential 



J 

reactance 

X 

horizontal field component 



Y 

horizontal field component 

z 

impedance 

Z 

vertical field component 

a. 

angle 

tf 

dissociation 




coefficient 



1 

Y 

coefficient 

5 

angle 

h 

density 

e 

ellipticity 

t 

electrical susceptibility 
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SYMBOLS USED IK CHAPTER I0-€oricluded 


e 

angle | 

0 ! temperature 

n 

anisotropy j 


1 

dip 


K 

dielectric constant 


X 

wave length 


A 

decrement ' 



micro- 

1 * ! permeability 

TT 

■ 3.141 


P 

; resistivity 

e distance, radius 

cr 

coaduetivity 

<P 

(phase) angle 

1 

i' 

angle i 

1 

CO 

angular frequency 



excitation and consequent reactioii of subsurface bodies and are not based 
on spontaneous effects like the magnetic and gravity methods. It is a 
common characteristic of these indirect methods that the depth from 
which reactions are obtained can be controlled by the spacing of the 
transmitting and receiving points. Most potential methods (resistivity 
and potential-drop-ratio methods in particular) have distinct depth con- 
trol and are in many ways comparable to seismic refraction methods. 
Electromagnetic, most inductive, and equipotential methods have com- 
paratively little depth control. The spontaneous polarization method 
lacks depth control completely. 

Physical quantities measured in electrical exploration vary greatly and 
depend largely on the method applied. In the self-potential, equipoten- 
tial, resistivity, and potential-drop-ratio methods, results are obtained in 
the form of electrical potentials or potential differences (sometimes referred 
to the primary field in regard to amplitude and phase) and in the form of 
ratios of adjacent potential differences. In electromagnetic methods the 
magnetic field produced by the currents flowing beneath the surface is 
determined either semiahsolutely (in reference to the phase and amplitude 
of the excitation current) or in the form of ratios and phase differences of 
the fields on successive points. Essentially, therefore, the purpose of po- 
tential methods is a determination of direction and intensity of the ekr- 
Irical field, whereas in electromagnetic methods direction and intensity of 
the electromagnetic field is measured. Measurements of electrical and elec*- 
tromagnetic fields are made by contact probes and coils. Xu 11 methods 
and bridge arrangements are employed extensively for the detcnniiiatioii 
of the direction of current How, of voltages, voltage ratios, intensities, and 
intensity ratios. 

Potentials and potential gradients are expressed in volts or millivolts 
absolute or in volts or millivolts per unit distance. Hesnlts of resistivity 
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measurements are given in units of ohm-meters or ohm-feet. Potential 
ratios are plotted against horizontal distance or equivalent depth. Elec- 
tromagnetic fields are measured absolutely in microgauss gauss) 

or semiabsolutely in units of microgauss per ampere primary (loop) current. 
The fields are represented by their in-phase and quadrature components 
or by the value of the total vector and its phase, Eatio measurements 
likewise furnish the in-phase and quadrature components of the electro- 
magnetic field or its amplitude and phase by successive multiplication or 
addition respectively along a continuous traverse. 

In electrical prospecting, as in other geophysical methods, the distinct- 
ness of surface indications depends on the contrasts in the physical prop- 
erties of geologic bodies and their surroundings. The following properties 
are involved: electrochemical activity, conductivity, dielectric constant, 
and permeability. Comparatively little is known about electrochemical 
and dielectric rock properties and geologic factors controlling them; more 
extensive information is available on rock conductivities. While in most 
other geophysical methods the distinctness of surface indications in- 
creases in linear proportion with differences (or ratios) of the rock proper- 
ties involved, this is not true for all electrical prospecting methods. In 
potential methods, a saturation effect is encountered, so that indications 
from large differences in conductivity are not proportionately stronger 
than indications obtained from small differences. Therefore, potential 
methods are particularly suitable for the detection of small differences in 
conductivity. The same appears to hold for electromagnetic methods 
with galvanic power supply. Inductive methods, on the other hand, are 
controlled by absolute conductivities and are therefore best suited for the 
detection of very good conductors. 

Continuity of physical properties is an essential characteristic for the 
usability of any geophysical method. In those electrical methods that are 
used for the purpose of determining depths of horizontal formations (re- 
sistivity, potential-drop-ratio, and inductive methods), it is necessary that 
these physical properties remain continuous in a horizontal direction since 
the spacing of transmitting and receiving units is changed horizontally to 
obtain increased depth penetration. In the application of electrical meth- 
ods to ore location, these requirements are not, and need not be, fulfilled 
since horizontal discontinuities in conductivity are the object of detection. 
To obtain distinct results it is, of course, desirable that the physical prop- 
erties remain fairly continuous vertically and in the strike of an ore body. 

As in other geophysical methods the uniqueness of interpretation of elec- 
trical prospecting results depends on the ease with which interfering factors 
can be eliminated. Terrain, for instance, affects the surface potential 
methods much more than it does the electromagnetic methods. High 
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frequency and radio work is greatly handicapped by terrain because of the 
refraction of the wave front on the ground surface. There is no satis- 
factory way of correcting for terrain efects in potential, high frequency, 
and radio methods except by small-scale model experiments. Electro- 
magnetic and inductive methods are comparatively free from terrain 
effects. Field components can be measured in reference to the terrain 
surface, and its disposition relative to subsurface conductors can be taken 
care of geometrically in the interpretation of the results. Interferences of 
a geologic nature that may seriously affect the interpretability of electrical 
results include mineralized solutions in formations and on fissures, and 
rocks impregnated with noncommercial minerals, such as graphite and 
pyrite. 

In some electrical methods (such as the spontaneous potential, the 
equipotential-line, and those electromagnetic methods in which only the 
direction of the field is determined) interpretation is merely of a qualitative 
nature; that is, it is concerned only with locating areas of anomalous indi- 
cations. Depth determinations with these methods are generally not 
possible except in simple cases where the depth may be estimated or calcu- 
lated from the shape of the anomaly curve. However, absolute depth 
determinations are possible where vertical changes in conductivity are ob- 
tained by varying the spacing between transmitting and receking units 
(resistivity and potential-drop- ratio methods). In some inductive meth- 
ods, depth calculations are made indirectly hy comparing the field data 
with type curves calculated for various possible depths of subsurface con- 
ductors. More often, however, recourse is had in the interpretation of 
electrical results to small-scale model experiments. 

Progress and development in most geophysical methods have been 
largely the result of preceding developments in geophysical science. In 
gravitational, magnetic, and seismic methods field procedure and methods 
of observation are closely allied to those used in pure geophysics. Elec- 
trical methods lacking this background have followed their ovti course of 
development. 

Electrical prospecting methods have three fields of application : oil ex- 
ploration, mining, and engineering geology. In oil exploration, surface 
potential, resistivity, potential-drop -ratio, ‘‘Eltran,” inductive, and elec- 
trochemical methods hav^e been used to delineate structure. The most 
widespread use of electrical methods is made in oil exploration in the 
process of ^^electrical logging.^’ This is a modified resisti\ity method and 
involves running a continuous resistivity record in uncased wells with au 
electrode assembly of fixed spacing. 

Since their early stages of development, electrical methods havt* been 
applied in mining exploration. At first this work was almost entirely 
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confined to the location of sulfide ores. Soon this was supplemented by 
structural investigations. Lately the field has been extended to the loca- 
tion of such poor conductors as gold quartz veins and the determination 
of gold content in placer deposits. In the field of civil engineering, appli- 
cations of electrical methods have been ever increasing in number, applica- 
tions including determinations of depth to bedrock on dam and tunnel 
sites; harbor investigations; location of materials for highway, railroad, 
and dam construction; location of water-bearing formations and of buried 
metallic objects, pipes, corrosion, ammunition, and the like. 

B. CLASSiFiCATioisr OP Electrical Methods 

The classification adopted here distinguishes three groups of methods. 
In the first, ground potentials and, in the second, the electromagnetic 
fields of the ground currents are determined. A third group includes radio 
methods and treasure finders, 

L Potential methods may be divided into (a) self-potential, (b) D.C. and 
A.C. equipotential-line and potential-profile, (c) resistivity, (d) potential- 
drop-ratio, and {e) electrical-transient methods. 

(u) In the selj-'poieniiol method the electrical field is furnished by the 
electrochemical polarization of ore bodies and other geologic formations. 
The electrical field is investigated by surveying lines of equal-potential or 
potential profiles. It has been found that not only sulfide ore bodies but 
also metals in placer deposits, faults, corroded pipe lines, and the migration 
of subsurface waters cause such electrochemical phenomena. Spontaneous 
potentials likewise occur when solutions of different character (for ex- 
ample, drilling fluid and formation water) come in contact with one 
another. Electrofiltration potentials are produced by the movement of 
water in porous formations and are used, together with the concentra- 
tion potentials just mentioned, to indicate the porosity of beds in electrical 
logging. 

(h) In this group direct or alternating current is impressed on the ground. 
The primary' electrodes may be pointed or linear. The potential distribu- 
tion between them is studied by measuring cquipotential lines or by sur- 
veying potential profiles. D.C. methods require the use of depolarized 
electrodes and potentiometer.‘s. In A.C. methods cquipotential lines, 
strictly .speaking, do not exist but can be .surveyed when out-of-phase 
components are not too large. A more exact method is the determination 
of potential differences according to magnitude and phase by a bridge 
compensator in which a reference voltage is carried to the instrument 
from the generator, is varied in phase and amplitude, and is balanced 
against the unknown voltage difference. Sulfide ores may be located and 
.structural and stra tigraphic conditions may be studied by these methods. 
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(c) In renstivity methods current is supplied to the ground at two points 
and the potential is measured between two additional points whose spacing 
or distance from the primary electrodes is vaiied. The ratio of Toltage 
and current, multiplied by a spacing factor, giTes what is known as ap- 
parent resistivity as a function of spacing and, hence, as a function of 
depth penetration. This application makes possible a determination of 
depth to bedrock, to sulfide ore bodies, to water level, and to beds of 
stratigraphic significance. If the spacing (and therefore the depth pene- 
tration) is kept constant and the arrangement as a whole is mov^ed, hori- 
zontal variations in character or in depth of a given formation may be 
determined. An adaptation of this procedure is the process of electrical 
logging discussed in further detail in Chapter 11. 

(d) The potential-drop-ratio method involves a comparison of voltage 
differences with reference to magnitude and phase in successive ground 
intervals. This method is also applied to a determination of depth of 
horizontal and vertical formation boundaries. Although the piotential- 
drop-ratio method has greater resolving power in determination of strati- 
fied formations than the resistivity method has, it is best adapted to an 
investigation of vertical formation boundaries, that is, to the location of 
ore bodies, q[uartz veins, and the like. 

(e) Eltran (transient) methods derive their name from the fact that, not 
quasistationary fields, hut transients are studied. The so-called electro- 
chemical method measures the time that elapses between the application 
of a current impulse and the peak of the polarization current released by 
the primary impulse. This time interval is said to be dependent on the 
electrolytic properties of the formations affected. In the ‘‘Eltraif ’ methods 
proper, a current impulse is impressed on the ground, and the time decay 
of the corresponding potential impulse is determined. The time constant 
is primarily dependent on the resistance characteristics of the ground circuit. 

2. Electromag netio methods may be classified according to the manner in 
which the currents, whose electromagnetic field is measured, are caused 
to flow in the ground. In electromagnetic galvanic methods, current is 
supplied by grounded electrodes. Tii electromagnetic indaciin' proce.sse.^, 
currents are induced to flow in subsurface conductors by insulated loops 
or cables. A sharp line cannot be drawn between these methods because 
there are some that employ either poAver supply. It is difficult to classify 
the various electromagnetic methods except to enumerate them by name: 

(a) The Lundherg-Sundberg methods involve the measurement of hori- 
zontal and vertical field- components with compensator devices giving 
their In-phase and quadrature constituents in reference to the primary 
field supply. (1) Amhroiuds method employs a similar arrangement, ex- 
cept that the compensator gives the phase and magnitude of three field 
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components, (c) In the Muller method the out-of-phase components are 
made negligible b}" the use of 60-cycle power, so that the vector amplitude 
may be measured without reference to its phase by a vacuum tube volt- 
meter arrangement connected to the pickup coil, (d) The Elhof method 
measures merely the direction of strike and dip of the ellipse of polarization. 

The next three methods are closely related: {e) Bieler and Wdtson use 
two coils in fixed arrangement. One is vertical, the other horizontal; the 
latter picks up the vertical field component produced by the primary loop, 
whereas the vertical coil responds to the horizontal out-of-phase com- 
ponent produced by subsurface current concentrations. (/) Some of the 
electromagnetic-raito methods utilize two independent coils connected in 
series through an amplifier detector. One eoil remains fixed in direction 
on one station while the other, at a second location, is rotated until balance 
is obtained, the angle of rotation corresponding to the difference in in- 
tensity and phase angle. Other electromagnetic-ratio methods make use 
of ratio bridges by which the voltages induced in two coils (usually held 
horizontally to measure the vertical component) are balanced for phase 
and amplitude. 

The four remaining procedures are generally referred to as truly in- 
ductive: (p) In the Sundherg method a large rectangular loop is laid out, 
and the horizontal component is measured across one cable. Due to the 
^^reflection^’ of the cable on subsurface conductors, the depth of the latter 
can be determined from the shape of the anomaly curve. The real and 
imaginary components of the horizontal field components are measured 
with a compensator. This method is primarily applicable to structural 
studies. (A) Another procedure known as the ring induction method uses 
a circular primary loop of small diameter laid out concentrically with a 
smaller secondary horizontal coil. The effect of the primary coil on it is 
compensated by an auxiliary coil, and the secondary fields are measured 
according to phase and amplitude. By varying the radius of the ring it 
is possible to reach different depths and to calculate the resistivities of 
formations at these depths, {i) In the Mason method the primary field 
is produced by a vertical loop, and strike and dip of the secondary field are 
measured with a search coil, (j) The high-frequency Radiore method 
utilizes a similar arrangement, except that the primary field is produced 
by a circular loop of comparatively small diameter. The dip of the field 
resulting from a combination of the primary and secondary components is 
determined with a search coil. 

With the exception of the Sundberg-inductive, the Muller, and the ring- 
induction methods, electromagnetic methods are applied principally in the 
location of sulfide ore bodies. The methods mentioned as exceptions have 
been used chiefly for structural and stratigraphic studies. 
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3. Radio methods wid ^ treasure fielders Radio measureineiits fall into 
two natural groups. In the first, the reaction of a transmitter to changes 
in surrounding media is determined. Methods in the second group 
measure the effect of the media, situated between transmitter and receiver, 
upon the latter’s reception characteristics. The quarter ivme method is 
based on the fact that when a reflecting surface is at a distance of one 
quarter of the wave length from the transmitter, a maximum of the 
emission occurs. Hence, the depth of such reflecting surfaces as water 
under diy surface beds, or flat-lying ore bodies in dry formations, maybe 
found by varying the frequency and observing the antenna current. In- 
asmuch as the antenna capacitxj is affected by the proximity of conductors, 
they may he located by changes in wave length and damping. This 
method havS no depth control and, therefore, interpretation of results is 
diflSicult except when geologic conditions are simple and interferences from 
noncommercial conductors are absent. 

Application of radio methods in the second group requires a transmitter 
and receiver, and measurements are made on the receiving side. By 
absorj)tion measurements, ore bodies in dry country rock have been out- 
lined from underground workings. With the interference method depths 
to reflecting surfaces may be determined by observing the change of in- 
tensity of reception with horizontal distance. The direction of the inci- 
dent beam is measured in the reflection method by a search coil. 

Treasure Jinders may be divided into low and high frequency devices. 
The former are modifications of induction balances. In one of these, one 
energizing coil and two pickup coils are arranged on the same coil frame. 
Presence of metallic bodies changes the mutual iuduetaneo between the 
lower pickup coil and the primary coil. Instruments of this type have 
been found useful in locating fairly small buried metallic objects such as 
bombs. In another device two search coils a few feet apart are in a 
balanced bridge circuit and energized with current of intermediate fre- 
(piency. The inductance change resulting from metallic bodie.s near one 
coil is measured. T'he depth range of low-frecpienc\' treasure finders doi^s 
not ext<md far beyond five feet. 

High frequency treasure finders art' (1) beat funpicney oscillators, and 
(2) eombiiiations of transmitters and receivers. In th(‘ former th«' fre- 
quency of one oscillating circuit rtunains fixed; that of the other varie.< 
with the proximity of conductive I ) 0 (lies. This changes th(‘ beat not(‘ or 
the plate current in a third circuit. The depth peiu't ration of thest' devices 
does not (‘xeeed fiftoi'ii feet. In trensiirc* finders consisting of ii traiisiuii Tta* 
and receiver combination, int(uisity of reception is indicated by a plat<‘ 
current meter, and a compensating circuit is proviih^d so tliai for lurivn 
grouiu.1 the normal intensity gives a zero reading. Tlit‘ r^cidiiig rlunges 
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with the presence of conductive bodies. Two commercial treasure finders, 
the ^^metallascope’' (Fisher) and the ‘Terrometer” (Barret), operate on 
this principle. The terrometer is reported to be sensitive enough to detect 
mineral disseminations in shallow placers to a depth of fifteen or 
twenty feet. 

II. ELECTRICAL PROPERTIES OP ROCKS 

It is the function of electrical prospecting methods to measure the 
distribution of natural and artificial potentials, of electromagnetic fields, 
and of the propagation of radio waves. This variety of electrical phe- 
nomena causes not merely one but a number of physical properties of 
geologic bodies to be significant. They are: (1) electrochemical propertiee, 
giving rise to (a) spontaneous and (&) polarization potentials; (2) electrical 
conductivity; (3) dielectric constant; and (4) magrieticpermeaUlity, Of these, 
the electrical conductivity is undoubtedly the most important. Strictly 
speaking, none of the above properties are constants but depend on other 
factors, mainly frequency. 

A. Electeochemical Properties 

Electrochemical effects are responsible for the electrical field surrounding 
chemically polarized ore bodies; they give rise to interference potentials 
when metallic electrodes are placed in contact with moist ground; they 
produce electrical potentials when solutions of different concentrations 
come in contact with one another in wells or when a solution is forced 
through a porous medium; and, lastly, they give rise to counter e.m.f.’s 
when current is applied to the ground. The first three of these effects do 
not depend on extraneous electrical fields and are therefore called spon- 
taneous potentials, or, more specifically, (a) electrode potentials, (&) diffu- 
sion potentials, and (c) electrofiltration potentials. Potentials caused by 
the application of an electrical field are called polarization potentials. 

1. Spo7itaneous potentials, {a) Electrode potentials. When a metallic 
electrode is placed in a solution it acquires a potential difference against 
the solution w’hich, however, cannot be measured except by placing a 
.second electrode in the liquid. If the metals of the two electrodes are 
alike and if the concentrations of the solution at the two contact points 
are the same, no potential difference between the two electrodes is observed. 
A potential difference occurs, however, if either the metals or the concen- 
trations are different. Practical application of this principle is made in 
electrical prospecting (I) in the so-called activity of ore bodies, which is 
due (a) to their contact with solutions of different character and concen- 
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tration near the surface and below, and (i) to differences in ore material 
above and below; (2) in the interference potentials which originate on 
metal electrodes when the latter make contact with the ground at points 
where the concentrations of electrolytic solutions are different ; (3) in the 
construction of nonpolarizable electrodes. 

Potential differences resulting from the contact of two electrodes with 
solutions of different concentration may be calculated from the potential 
of a metal against a solution, which is dependent only on the concentration 
of the ions of the particular metal. The potential difference of solution 
minus metal is 

where R is the gas coastant, or 8.309 joule i>er degree C. ; n is the Yalency; 
F is Faraday’s constant of electrolysis, that is, the quantity of electricity 
liberating one gram equivalent, or 96,494 coulombs (so that the ratio 
R/F is 8,610 e.m.u.’s or 0.861 • 10“* volts); t is the absolute temperature, 
or 273“ + 6, P' is constant for the metal involved (its electrolytic solution 
pressure) ; and C is the ion concentration. If two electrodes of the same 
metal are immersed in two solutions of different concentration, Cs and Ci 
(■which may he connected by a syphon bridge to afford a retnra circuit 
with negligible diffusion potential), the potential difference bet'ween the t'wo 
electrodes is 

AJE = 1 .98 ■ - logjo § volts, (lO-lb) 

71 Li 

where the numerical factor contains the ratio R/F, the modulus of the 
natural logarithms, and the conversion of e.m.u/s into volts. An evalua- 
tion of the above equation shows that fore = 18*^0. the voltage difference 
is AF = 1 /ti - 0.0577* logio C 2 /C 1 volts, so that for 71 = 1 and a concentra- 
tion ratio of 10, the voltage difference is 0.058 volts and, for a ratio of 100, 
0.115 volts. 

The voltage gradients observed on polarized ore bodies are normally 
from 1 to 2 millivolts per foot, which amounts to anomalies of the order of 
0.1 volt to a maximum of 1.5 volts. This is comparable to the voltage 
delivered from a wet cell; it is, therefore, probable that not only differences 
in concentration, but differences in the composition of the ore near the 
surface (gossan!) and unoxidized portions beloAV, where the solutions are 
less acid and poorer in H ions, play a part in causing such potentials. To 
explain the phenomenon on ore bodies showing spontaneous polarizatuiu, 
equation (10-1&) should he written in a form allowing for {!) electrode 
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potentials due to differences in solution pressure P' and (2) differences in 
concentration : 

AE = 1 . 98 . 10 "*. 1 logio volts. (10-lc) 

n ° Ci-Pi 

With this equation, voltages are calculated which are in better agree- 
ment with those actually observed. Under the assumption that there are 
no appreciable differences in concentration of solution between the upper 
and the lower parts of the ore body, eq. (10-lc) retains the form AE = 
c- logio P 1 /P 2 , which gives potentials suiBicient to account for the anomalies 
measured at the surface. Pyrite in undisintegrated form is likely to have 
a solution pressure of around 10' atm. and in altered form (such as limo- 
nite, and the like, in the gossan) probably not more than 10“®*^ atm. The 
equation in its last form makes it possible to allow for equivalent series 
connections of altered and unaltered portions of an ore body. 

Electrode potentials occur when metal probes are placed in contact with 
the ground in order to measure potential differences between them. Con- 
tact potentials amounting to several millivolts and even several tens of 
millivolts may be observed and may be avoided by the use of so-called 
nonpolarizable electrodes. The latter consist of electrodes (of the same 
metal for a pair) immersed in a saturated solution of one of its salts (copper 
in copper sulfate, zinc in zinc sulfate, and so on). The solutions are 
carried in vessels made of a permeable substance (porous clay or beef gut) 
so that they may filter through and make contact with the ground solu- 
tions. Inasmuch as identical metals and identical solutions arc used for 
both electrodes, the electrode potentials are of equal sign and cancel when 
no current is flowing. 

Potentials arising from direct contact of metal with soil solutions of 
different concentrations are avoided by the interposition of a concentrated 
solution. To obviate diffusion potentials (see paragraph 6), some investi- 
gators have proposed the use of two chambers, an inner one with the 
saturated solution and an outer chamber with a more dilute solution. 
Upon the passage of current, the polarization (see paragraph 2) of these 
electrodes is negligible; since metals in solutions containing their ions 
belong to the “reversible’’ systems, a passage of cuirent will form no new 
chemical compounds. What polarization occurs is due merely to concen- 
tration changes in the solution near the electrodes. In the practice of 
electrical prospecting this concentration loolarization is small ])eeause of 
tlie small current densities involved. Xunpolarizable electrodes arc neces- 
sary in all D.U. methods of electrical ex|)loratioii; in A.C. procedures 
ordinary metal electrodes are .satisfactory. 

( h) Diffusion {osmotic) potcnfials occur in wells in connection with po- 
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rosity measurements. They are produced by the contact of fresh-water 
drilling mud with the saline connate water solutions in sandy or other 
porous layers. Theoretically, the e.m.f. generated between two saliitioii.s 
of the ion concentrations Ci and C 2 is given by 


^ volts. 


(10-2) 

where Ic and are the mobilities of the cation and anion, and is their 
valency. For a NaCl solution, for instance, n = 1, lr/(lc + U) = 0.4 
and hJO-c +■ U) = 0.6. Therefore, the diffusion potential at standard 
temperature E = 11.6 logic C 1 /C 2 millivolts. If Ci = IOC 2 , the potential 
difference is 11.6 millivolts. Inasmuch as the concentrations are inversely 
proportional to the resistivities of the drilling mud (P 2 ) and the formation 
water (pi), p^/pi may be substituted for CiyC 2 , and therefore AE = 
11 .6- logio ps/ Pi millivolts. 

(c) ElectrofiliraUon 'potentials axe likewise important in the measurement 
of porosities in wells. They occur when a solution of the conductivity tr 
and the viscosity w is forced with a difference in pressure P through a 
porous medium (or a number of capillaries) with the adsorption potential p 
(potential of double layer on wall of capillaries, depending on concentra- 
tion) and the dielectric constant k, so that the potential difference 


pPk 

4rw*a 


(lD-3) 


It is seen that the potential increases with the fluidity of the liquid and 
with pressure and, therefore, with the speed with Avhieh the ions can be 
transported. In w’ells the diffusion potentials are due to the penetration 
t)f drilling fluid into porous formations; and thc'V are usually negative and 
of the order of 0.1 to 6.2 volts. When the drilling mud is of the same 
composition as the formation solution, electrofiltration potentials are tlie 
only ones giving rise to spontaneous polarization. If, however, the ion 
concentrations of the two liquids are different, both effects are siiperim- 
l)used on each other, and it is possible that the diffudon ]>oteiitials ever- 
.shadow tlic eleetrofiltration potentials in such eases. 

2. Polanzation potentials are produced by applying an chan lie field to an 
tioctrolyte. They are of importance in .sonn^ ‘'Eltrairi ineiliod.s, in tin* 
deterininatioii of rock resistivities with 1).C\, in some applications of the 
T).C. equipoteiitial-liiu' method, and in connection with thc' cori'osieii nt 
pipes. 

If an electrical field is applied to an electrolyte or rock eoutainiiig mole- 
cules in dissociated form, tin* ions move to the electrodes oi opposite 
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polarity, and the liquid becomes polarized. Since matter is transported, 
differences in concentration result, which in turn give rise to a potential 
difference. This opposes the potential difference causing the electrical 
field and is known as the polarization counter e.m.f., Hence, Ohm’s 
law, as applied to the passage of D.C. through polarized electrolytes, is 
often written in the form / = (B — E')/R. 

Owing to the slow speed with w^hich the ions travel, the counter e.m.f. 
reaches its maximum value hut gradually. After the concentration gra- 
dient betw^een the electrodes has become linear, stationary conditions are ■ 
reached. The time required for its establishment depends on the distance 
between the electrodes and the diffusion constant of the electrolyte. The 
counter e.m.f. cannot exceed definite values for given conditions and solu- 
tions, but the electrical field can be increased. Hence, in determining 
resistivities of rocks containing electrolytes, more reliable values can be 
obtained with high fields.^ The difficulty mentioned may, of course, be 
avoided by alternating current. 

B. Metallic and Electrolytic Cxjreent Conduction' 

From the viewpoint of molecular physics the following kinds of current 
conduction may be distinguished: (1) eZedromc conduction, {2) electrolytic 
conduction, and (3) dielectrio conduction. The first is identical with 
metallic conduction and is due to the movement of free electrons; the 
second results from the transport of ions in electrolytes. In the third no 
free electrons are available. Under the influence of an electrical field the 
effective centers of electrons and nuclei are displaced. Current propaga- 
tion results from changes of this polarization or changes in the electrical 
flux with time and is called displacement current. It will be discussed 
separately in section c. 

Metallic conductivity is associated with virtually all minerals of metallic 
ImleTj ores composed of those minerals, and impregnations of metallic 
minerals in crystalline and metamorphic rocks. The best conductors are 
the sulfides, a few of the oxides, and graphite. The conductivity of ores 
and mineral deposits depends largely on the continuity of the conducting 
particles. Details are given below, hlumerical values for the conductivi- 
ties of minerals and ores will be found in section a. 

The fundamental difference betw^een electronic and electrolytic conduc- 
tion lies in the fact that in the solids no matter is transferred whereas in 
the electrolytes the current propagation is invariably accompanied by a 
transport of matter and hence by chemical transformation. In solids 

^ See B. McCollum andK. H. Logan, But. Stand. Tech. Paper, 26 (1914) ; M. W. 
Pullen, U.S. Bur. Mines Circ. No. 6141 (1929). 
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conduction of current is accomplished by the ‘‘free’’ electrons in the outer- 
most orbits of the atoms. In gases and liquids, current conduction is 
associated with ions, that is, molecules combined with electrons or those 
having a deficiency of electrons, or a positive charge. Because of this 
association, matter is transferred, that is, deposited at one electrode and 
dissolved at the other. Hence the name electrolytic (= solvent) phe- 
nomena. Current conduction in electrolytes depends not only on the 
mobility but also on the number of ions. The latter, in turn, depends on 
the concentration and degree of dissociation, which increases with the 
dielectric constant of the solvent. Hence, water with the highest dielectric 
constant (about 80) is of great importance in enhancing conductivity. 

For D.C., conduction in both metallic and electrolytic conductors is 
governed by Ohm’s law. By it a conductor is defined as having a unit of 
resistance if the potential difference 1 produces the current 1. Its re- 
sistivity p is defined as resistance R referred to unit dimensions. If the 
length of the conductor is Z, and S its section, 


Although the resistance of a body of unit dimensions is numerically equal 
to the resistance of a centimeter cubed, resistivity should not be expressed 
in ohms per centimeter cubed. Since p = Si2/Z, and the square of dimen- 
sions appears in the numerator and the first power in the denominator, the 
dimension of resistivity is ohm-centimeter. In the practice of electrical 
prospecting, the use of this unit often results in comparatively high figures, 
and the ohm-meter (ohm-em- 10“^) is frequently employed, in addition to 
ohm-inch (ohm-cm- 0.3937), ohm-foot (ohm-cm- 0.0328) and kilohm-cm 
(ohm-cm- 10“^). In certain electrical problems it is necessary to convert 
the practical into electromagnetic or electrostatic units: 1 ohm = 10*^ 
e.m.u. = 1.1 11 -10” ' e.s.u. The reciprocal of resistivity is designated as 
conductivity a: 

SR' 


(T = - 


(10-4W 


The unit is the reciprocal ohm-cm or mho-cm. Conductivity is the ratio 
of current density and electric field strength E: 


i 

(T = “. 


( 10 - 


This relation follows directly from Ohm’s law. Since 1 = IR and 

R = pl/S,dV/dl = (potential gradient or field strength) = E = (/ S)-1/<t, 
with i/s == current density i. 
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111 alternating electrical iields the current is not in phase with the e,m.f. 
Current conduction is controlled by the resultant modulus of resistance 
and reactance, which is known as impedance. Impedances are customarily 
represented by conjugate numbers v.ith the resistive component on the 
real axis^ the reactance on the imaginary axis, and the phase shift as the 
argument of the complex quantity. 

Although most rock-forming minerals arc insulators, it does not follow 
that most rocks are poor conductors. This is true only if they are solid 
throughout (such as some igneous rocks and chemical sediments). The 
majority of rocks and formations are porous, are filled with more or less 
conductive moisture, and act as electrolytes. Their conductivity depends 
on four factors: (1) pore volume; (2) disposition of pores (grain packing); 
(3) portion of pores filled with water; and (4) conductivity of the water, 
which is composed of {a) a primary conductivity (that is, conductivity of 
the water as it enters the pores), and (6) a secondary conductivity (acquired 
by solution of mineral matter and therefore dependent on duration of con- 
tact [stagnation]). These relations may be expressed by the following 
formula : 


C 

9x = -Pi or cr* = - .ai, (10-6) 

^1 c 

Avhere px i« the resistivity and dx the conductivity of the rock, c a constant 
depending on the arrangement of the pores, the pore volume, pi the 
resistivity and gx the conductivity of the water or other medium filling 
the pores. 

For specific arrangements of mineral grains of regular geometric shape, 
it is possible to calculate not only the pore volume and thus the resistivity 
as a function of the resistivity of the water filling the pores, but also the 
relative effect of the conductivity of the graims compared with the effect 
of the medium in which they are imbedded. Maxwell has deri\^ed a 
general relation for the conductivity o-j of an aggregate consisting of a 
medium with the conductivity 0 * 1 , in which spherical grains of the con- 
ductivity (To are iinbc'dded in regular arraugemeiit and in such a manner 
that their distance is large compared with their radius.^^ If tlu^ total \'olume 
of the aggregate is and the total volume of the grains i)^ , and if the 
ratio of tliese two volumes ro/iV = r, then the following relation obtains: 


2ai^ cr2 — 2r(<7i — 0 - 2 ) 

2(Ti -f" <^2 Hh r(cri — (72) 


(10-7<a) 


HeiK*e, in terms of the (pore) volume m (if the pores are filled completely 
with the medium of the conductivity (n). 


See jilso J. N. Huininel, Beitr. angew. Geophys., 5(1), 32-132 (1935). 
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3<ti — — (Ts) 


(10~7&) 


Assuming now that vi = r (or 2vi = v 
obtain from eq. (10-76): ctx = 

DCTi + {72 


X , a porosity of 50 per cent), 
and therefore, for the ratio. 


we 


2-* + 4 

^ _ O-i (72 

(^2 ers ^ 

(T2 


(l0-7c) 


From this it follows that, for a conductivity of the pore filling medium very 
much greater than that of the grains, or for (Ti ^ (r% have dx = fa-i , 
and for cr 2 o-i , ctj, == ici . 

Fig. 10"1 is a graph, of eq. 

(l(>-7c). For a porosity 
of 50 per cent, the conduc- 
tivity of the aggregate in- 
creases almost in direct 
proportion to the conduc- 
tivity of the medium fill- 
ing the pores (assuming 
all pores to be filled with 
the medium of the con- 
ductivity (Ti). For virtu- 
ally all porous rocks we 
are, therefore, justified in 
disregarding the conduc- 
tivity of the mineral grains 
and operating only with 
the conductivity of the medium filling the pores, 
formula (10 -76), we get 



Fig. 10-1. Rock resistivity as a function of re- 
sistivity of pore- filling inedium, for 50 per cent 
porosity (after Hmurael). 


Thus, letting (72 = 0 in 


<ri = — ■ or -Pi. (10-7</) 

o — 

Eq. (lQ-7(:i) can be further simplified for porosities less than 25 percent 
by assuming that the pore volume is equivalent to a system of c\'liiidi*ical 
tubes of identical radius r, not touching one another, traversing the sub- 
stances ill the three directions. If there are 11 tubes per square ceutimetcuy 
their area on one side of a cube (or one-third of the pore volume) is r/3 = 
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n. Since the resistance in the direction of the tube is inversely propor- 
tional to its area, — = , so that 

pi irr^n 


Px 

pi 


3 

i^r 


(10-7e) 

The relation (lO-Tc?) is 
shown graphically in Fig. 
10-2. Resistivities deter- 
mined by tHs diagram 
are in good agreement 
with resistivities actually 
observed. 

Table 60 gives some 
values for the porosities of 
various types of rocks, for- 
mations, and soils, and for 
the corresponding values 
for the resistivity ratio 

Px/pn 

In the derivation of prc'- 
ceding equations, no as- 
sumption was made in 
regard to the spacing of 
the mineral grains or pore 
spaces, respectively. For 
definite ratios of spacing to 
size of the grains, it is possi- 
ble to determine the pore volume and therefore the resistivity ratio 
Px/pi . Table 61 (largely from Sundberg) gives these values for various 
grain arrangements. This tabulation brings out the fact that the re- 
sistivity may in certain cases depend on the direction of current with 
respect to the arrangement of the particles. Materials of such nature are 
called anisotropic. Anisotropy of resistivity plays an important part in 
all stratified formations where resistivities in the bedding planes are 
generally quite different from those at right angles thereto. 

It was shown before that the resistivity of a rock can be found if the 
pore volume, the pore arrangement, and the resistivity of the water filling 
the pores is known. The latter may be determined by experiment if 
specimens of well or formation water have been taken. If the specimen 
itself is not available, but only its analysis is, the conductivity can still 
be calculated. For this purpose it is first necessary to recalculate the 



Pro. 10-2, Belation between resistivity ratio 
and porosity (after Sundberg). 
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constituents in terms of gram (or better milligram) equivalents pt'r liter. 
From the concentration C thus expressed, the degree of dissociation is 
obtained. Sandberg^ has given diagrams showing dissociation as a func- 
tion of concentration of a number of salts. Only the curves for XaCl are 
of practical importance. If the dissociation of a solution is a, the number 
of anions per cc is «-C gram equivalents. With a charge F per gram 
equivalent (= 96500 coulombs), the quantity of electricity carried by the 
anions is F ■ a- C-^ a, and F-a-C-Vc is that carried by the cations, if v 
is their velocity for a potential gradient of 1 volt per cm. Hence, the 


Table 60 


Rock or Formation 

1 

POROSTTT 

Ratio ~ 
m 

Tguftoiis and metamorphic rocks.. 

% 

h- 2 

100 

Dense limestones and sandstones 

3- 4 

50 -100 

Clays and sands in general 

8-15 

20-40 

Porous clays, sands, sandstones, cellular limestones, and 
dolomites, 

15-40 

3 - ^ 

Marl, loess, clay, and sandy soil 

40-75 

1.5- 4 

Peat, diatomaceoiis earth. 

80-90 

1.0- 1.5 



Table 61 


Grain Arrangement 


Spheres of ra-dius r, distance r/2. . 

Spheres in cubic arrangement 

Spheres in rliombic arrangement.., 

Spheres in hexagonal arrangement 


PoROSrXT 

Ratio — 

73.2 

1.37 

47.6 

2.64 

39.5 

3.38-4.40 depending on di- 


rection 

26.2 

5.81 in direction perpendic- 


ular to base 


total quantity per second, the current strength, and thus the conductivity 
per cm'* is <7 = F'o:-C(v,.t + Vc). For infinite dilution, a is 1 and the 
velocities are Vaoo and Vcoo- If designate the quantities l.i = Fva and 
1^, = F-ycoo , its ion mobilities, the resistivity for any number of salts in 
solution is p = l/(SaC[L4 + lc\)> For very diluted solutions in which 
all salts are completely dissociated (C less than 0.5 mg per liter), a = 1 
and the resistivity in terms of concent ration expressed in milligram eqiii\'- 
alents per liter is p = 1000/(ZC[1.4 + Ic]). Theoretically, the sum of the 
concentrations and ion mobilities should be taken for all salts in solution. 


2K. Sandberg, A.LM.E. Geopliys. Pros., 3S1 (lt)32). 
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A comparison of analyses of water from different sources with the results 
of theoretical calculations has shorn, however, that for waters of less than 
1000 ohm-cni, the resistivity can be detennined closely enough from their 
chlorine content alone. The curves in Fig. 10-3 show resistivities of 
NaCI solutions as a function of concentration. 


tm 

wjm- 

1^- 

isim- 

m 


Per Cent Ch/on'ne 

Pig. 10-3. Resistivities of salt solutions as a function of chlorine content (after 

Sundberg). 

The composition of natural waters varies widely, depending on origin 
and on geologic occurrence. They may be classified as follows: 

1. Meteoric waters, derived from precipitation: p = 3000 - 100,000 
ohm-cin. 

2. Surface waters (lakes, rivers, and the like) vary from 300,000 ohm-cm 
for very pure water to as little as 10 ohm-cm for salt lakes, Surface 
waters in districts of igneous rock are estimated to range from 3000 to 
50,000 ohm-cm; surface waters in areas of sedimentary rock from lOOO 
to 10,000 ohm-cm, 

3. Soil waters (discharged into the atmosphere by evaporation) may be 
a.s low as 10 ohm-cm, but their average is around 10,000 ohm-cm, 

4. Normal ground water in areas of igneous rock is of the order of 3000 
to 15,000 ohm-cm and in areas of sedimentary rocks as low as 100 ohm-cm. 

5. Subsurface (connate) waters (Na, K, Ca, and Mg chlorides) are 
generally good conduetom and are between 3 and 10 ohm-cm. 

6. Mine waters (usually copper, and zinc, and so on, sulfates) are like- 
wise of low resistivity, generally not exceeding 30 ohm-cm. 
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Contrary to metals, the conductivity of electrolytes increases with im 
increase in temperature, so that 

o’o = + 5(0 “ 18° C.)]. (10~8) 

While in metals the temperature coefficient of resistivity is the reciprocal 
of the absolute temperature, the temperature coefficient of electrolytes 
(being tlie increase in ion mobility due to a reduction in the viscosity of 
the solvent) is approximately equal to the temperature coefficient of 
viscosity of Avater. For rs'aCl solutions the coefficient is 0.022; for an 
increase in temperature of 35° C. the conductivitv is about doubled (see 
Fig. 10^). 

Metals and electro- 
lytes also show a 
difference in alternat- 
ing current conduc- 
tion. In electrolytic 
solutions voltage and 
current are generally 
not in phase, particu- 
larly when the polari- 
zation e.in.f. is com- 
parable with the 
applied cMU.f.'^ Fhe 
phase sliift is reduced 
as the voltage is in- 
creased. If P is a 
‘^polarization con- 
stant” (ratio of polar- 
imtion e.in.f. and quantity of electrolysis products deposited per unit 
surface of electrode), the impedance of an electrolytic solution is 

Z = M^/l+ (10-9a) 

Substituting 1/Cp for P, eq. (10--9a) takes the form 

COV'p 

which is seen to be identical with the formula for tlie im}>edanec of a 
circuit consisting of a resistance with a capacitx' in serie.-^. The phase 

2 See oscillograms in E. Cooper, Electrolysis as Applied to Engineering, p. 16 
(JW^wYork, 1923). 
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F'u}. 10**1. Decrease of resistivity of an YaCl solution 
with tomporatnre (after Sundherg). 
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shift ill li circuit (Mjiisisting of an electrolyte with the polarization P its 


= — taa' 


P 


(10-9c) 


C. Dielectbic Current Condtjction 

la most noametallic, solid, aad isotropic media the number of free 
electrons is too small to permit free passage of direct current. Alternating 
current, however, will be transmitted, since the electrical field produces a 
displacement of the nuclear and electron patterns {dielectric polarization) 

which is propagated when the field changes 
with time. The polarization P (electric 
moment of the unit of volume) is propor- 
tional to the electrical field. P = dE, 
where e is the electric susceptibility. Treat- 
ing the electrical flux in the same manner 
that the magnetic flux was treated in 
Chapter 8, the flux per unit area or the 
electric displacement D = E + 4tP. Sub- 
stituting for P: tE, the displacement be- 
comes D = (1 4- 47r£)E, where 1 + dre = 

K is the dielectric constant. Hence the dis- 
placement is I) = /c-E- 

An alternating electrical field produces 
a current in a dielectric equal to SD/ dt 
or = K-fiE/ dt, which is known as the dis- 
placement ctirrent. Considering the conduc- 
tion current and recalling from eq. (10 -5) 
that the current density i = dro-E, we get, 
for the total current (see Fig. 10 -5a), 

/r = K -f- 47rO-E. (lO-lOa) 

dt 

For a sinusoidal e.m.f. of the angular frequency co, the differentiation 
gives an e.m.f. 90° out of phase with the last term of the equation, so that 
the peak value of the displacement current becomes /ccoE. Therefore 

Ir == 47r<TE -}- j/ccoE, (10-106) 

so that the phase shift between conduction component and resultant 
current 



Fig. 10-55. Relation between 
conductivity and true and appar- 
ent dielectric constant. 


4 



conduction current and displace- 
ment current. 


(p = tan 


-1 


/cco 


(lO-lOc) 



r'liAp. 10] 
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r»4 1 

III terirus of ilie displacement cnirrent and by suLstituiiiig; tiE Ifi == 

jcoE, orE = , eq. (10- 10a) may be written: 

CO at 

j 6E .4T(r dE 6E/ . 4xcr 

''“"m " sl‘" 

SO that 

= (lO-lW) 

where k' ^ k — jiircrfw is the apparent dielectric constant (see Fig. lO-Sfc). 



1 I I I L I 1 I L_1 

W ^ 24 3 

Moisture Oontmi- 


Fia. 10-6. Apparent dielectric constant as a function of moisture content (after 

Snaith-Eose). 


Like the conductivity, the dielectric constant of an aggregate in crea.ses 
with water content^ owing to the large dielectric constant of water. Smith- 
Rose gives as dielectric constants for dri/ soils, 2.6 to 2.8; for soils with 
3.6 per cent mouture, 2.3 to 5.6; and for soils with 16 to 30 per cent uaicr, 
18 to 36. Rig. 10“6 shows the change of dielectric constant with moisture 
for a frequency of 1200 kc. 
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D. The Effects op Magnetic Permeabilitt 

As was shown in the introduction to Chapter 8, magnetic permeability 
is the ratio of magnetostatic induction to field strength. It plays a part 
in all electric induction phenomena. In accordance with Faraday ^s law, 
the e.m.f. induced in a conductive body depends on the time rate of 
change of the field; E = — dR/ dt. If the field change occurs in a medium 
of the permeability v, the induced e.m.f. E = — y. dK/ dt Theoretically 
this relation should be expected to find application in electrical prospecting 
methods where current is induced in subsurface conductors by insulated 
loops. In practice, however, it is of limited importance since with few 
exceptions, good conductors (sulfide ores) to which inductive methods arc 
applied chiefly are not very magnetic, while very magnetic (iron) ores, on 
the other hand, are usually poor conductors, making potential methods 
more suitable. 

E. Methods for the Detbrmintatioh of Rock Resistivity 

Methods for determining rock resistivity may be divided into two groups ; 
(1) laboratory determinations (on rock specimens) and (2) measurements 
in situ (at the ground surface, outcrops, and the like). Laboratory 
determination has the disadvantage that only small specimens are tested, 
that the effects of unhomogeneities in the specimen not characteristic of 
the entire formation may be exaggerated, and that conditions in nature 
may not be exactly duplicated. By making measurements on location, 
these disadvantages are overcome, but their limitation IkS that unknown 
near-surface strata differing in conductivity may affect the results; hence 
an ^‘apparent'' instead of the true resistivity of the surface formation may 
he detemiined. In regard to technique, two major groups may be dis- 
tinguished: one that uses direct current and the other that uses alternating 
current (commutated D.C., low-frequency A.C., intermediate-frequency 
A.C., and high-frequency A.C.). Measurements at radio frequencies are 
discussed in the next section in connection with determinations of the 
dielectric constant. 

L Preparation of specimens; electrodes, Tor resistivity determination 
in the laboratory the sample should be cut to regular shape so that its 
resistivity may be readily calculated from resistance and dimensions. 
Bock saws with carborundum or diamond discs are suitable. The length 
of the specimen should be at least four times its diameter. High contact 
resistances may be overcome by the use of a frame shown in Fig. 10-7. 
Between the metal plates and the specimen various layers of tinfoil should 
be inserted. Contact resistance is likewise reduced with mercury elec- 
trodes. Two arrangements are shown in Figs. 10-8 and 10-9, the latter 



Chap. 10] 


ELECTE1C.\L METHODS 


643 


being sxiitable fox testing drill cores. 

Drill cores may be dipped in solder 
of low melting point to reduce con- 
tact resistance. Specimens sus- 
pected of being anisotropic should 
be measured in more than one direc- 
tion. In any erent, it is a good pia, io-7. Clamp for rock resist i\ity 

policy to reverse the specimen and determinations (after Sundborg). 
to make at least two determinations. 

Effects of polarization are difficult to eliminate. In D.C . measurements the 
direction of current should be reversed in as brief periods as passible and 
high voltages should be used. Owing to the difficulties with direct cur- 
rent, A.C. methods are now in more prevalent use. 

2. Continuous D.C, Tiufhcds. For moderate requirements of accuracy, 

the direct reading ohm- 
meters of radio and uni- 
versal testing sets are 
quite satisfactory ; they 
are conveniently carried 
in the field for rapid 
cheeks on unprepared 
specimens of approxi- 
mately regular shape. 
For measurements on out- 
crops, the Shepard <‘arth 
resistivity tester may be 
applied. This consists of 

Fig. 10-8. Snbstitation method of resistivity deter- electrodes 

mination vith mercury electrodes (after Pullen). with the ohinnieter and 

vself-contained battery 




mounted on one of the rods. The surface of the rod 
acting as the cathode is greater than that of the anode, 
in order to reduce polarization. As may be expected, 
Wheatstone bridge methods are widely applied for resis- 
tivity determinations by continuous or eonuniitated 
D.C. and low-frequency A.C. Well suited for nieasure- 
ineiit of high resistance is the bridge shown in Fig. 
10-10. 7^2 is a comparison resistance of high order, 

from 10,000 to 1,000,000 ohms; the ratio rj '/o is adjusted 
in steps up to 1:1000. Then Rx = 7?2-ri/>2 . Eesist- 
ances up to 10^ ohms may be measured with this bridge, 
likewise convenient for rock resistivity nieasurenient 



Fig . 10-9. Mer- 
cury cleetrode 
for drill cores 
(after Pullen). 
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is the ‘‘substitution” method illustrated in Fig, 
10~8. A galvanometer deflection is first observed 
and adjusted hy means of the shunt to give a suit- 
able deflection with the unknown resistance in 
series. Then the switch is thrown over to the 
known resistance, which is adjusted until the same 
galvanometer deflection is obtained. The use of 
this method with A.C. is shown in Fig. 10-12. 

For a determination of the resistance of bodies 
of arbitrary shape, separate measurements of cur- 
rent and voltage are made. Tour connections are 
then necessary for the current and voltage leads. 
AsH. V. Helmholtz pointed out as early as 1853, 
the current leads may be interchanged with the potential leads without 
altering the resistance. This value is equal to the ratio of voltage differ- 
ence and current, multiplied by a factor controlled by the spacing of the 
electrodes; the method is particularly suitable for measurements of 
resistivities in situ. Since it employs commutated D.C., this procedure 
will he discussed in the next paragraph. 

3. Methods using commutated D.C. have attained great practical impor- 
tance for the determination of resistivity in the laboratory and in the field. 
One reason is simplicity of technique. D.C. instruments may be used 
throughout, since the current through the ground may be commutated in 
synchronism with the current through the meters. In this category are 
the well-known Wenner-Gish-Rooney and the “Megger’’ instruments. 


544 



Fig. 10-10. Wheat- 
stone bridge arrange- 
ment for rock-resistiv- 
ity determination. 



Fig. 10-11. Resistivity determination by four- terminal (Gish-Eooney) method. 

The Wenner-Gish-Rooney method is illustrated in Fig, 10-11. It con- 
sists of a set of B batteries, a double commutator, four electrodes, a milli- 
ainmeter, and a potentiometer. Current from the batteries passes through 
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the milliainmeter to the two external electrodes and through the com- 
mutator in such a manner that the direction of the current through the 
ground is reversed periodically while it is passing in the same direction 
through the milliamnieter. The potential difference set up between the 
internal pair of potential electrodes is likewise of an alternating nature 
but is 'Rectified'’ by the double commutator, so that D.C. potentials are 
read on the potentiometer. The ratio of voltage and current^ multiplied 
by a spacing factor, gives the resistivity 

F 

p = 2ra* j. (10-11) 

The derivation of this formula is given on pages 709"710. If iJ is substi- 
tuted for V /I, the formula takes the form E = p/2ra, which is seen to be the 
resistivity of a hemisphere with the radius a (length of current path = a, 
surface = 2W) (see Tig. 10-11). On this relation is based the thumb rule 
that the depth penetration of the Gish-Hooney arrangement is equal to 
the electrode separation. 

The ‘^Megger” differs from the Gish-Rooney arrangement in that a 
direct reading ohmmeter (cross-coil instrument, giving the ratio of V/I) 
is substituted for the ammeter and potentiometer and that power is sup- 
plied by a hand-cranked generator instead of by batteries (see Fig. 10-60). 

4. Low-frequency A,C. methods. These methods are well suited for 
laboratory measurements because low-frequency A.C. is readily available, 
no commutation device is required, and disadv^antages of continuous D.C. 
are avoided. Tor high-resistance specimens 110 volt A.C. may be used 
directly. F or lower resistances it should be stepped down by a lamp bank, 
a carbon resistor, or a transformer. As an indicating instrument, a D.C. 
current meter of high sensitivity together with a copper oxide rectifier, 
a vibration galvanometer, or any other oscillographic instrument of high 
current sensitivity, will be satisfactory. A Wheatstone bridge circuit or 
the substitution method are applicable (see Tig. 10-12). 

Ground resistivity ma}^ be determined directly with a Wheatstone 
bridge, using two electrodes only. If their radius is a, if ? is the distance 
between their centers, and E is the resistance measured on the bridge, the 
2R 

resistivity p = yroK- distance is a niultiplo of the 

1 O.ofl O.oO 

- 4- -p- - 'T 

electrode radius so that a = l/n the resistivity is 

2R 

a 0^ ~^o’ 

nl 


P = 
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in -which the middle term in the denominator is negligible, so that 


2R 

^ n-0.85’ 


( 10 - 12 ) 


which for large electrode separations is equal to p = 2Ra. This shows 
that the resistivity between two electrodes depends largely on their radii 
and therefore on the material in immediate contact with them. In the 
double electrode setup as described, Koenigsberger used iron discs about 
5 inch thick and 10 inches in diameter, with a contact substance of clay 
or soil soaked with either FeCh and FeS04 or NaCl solution/ Reapplied 
frequencies between 100 and 400 cycles. 

5. InierMediaU-jreqxLenoy methods. The use of audio-frequencies from 
5(X) to 1000 cycles facilitates the field technique of resistivity measiire- 
ments, since phones may be employed as indicating instruments. In the 



Fig. 10-12. Determination of rock resistivity using 60 cycles (after Pullen). 

lower frequency range, effects of inductance and capacitance are generally 
negligible and some of the arrangements are used as D.C. bridges. Inter- 
mediate frequency methods are applied (1) galvanically (by contact with 
the specimen) or (2) inductively (by measuring the mutual inductance 
between two loops). The latter are best suited for resistivity measure- 
ments on outcrops or horizontally stratified ground, since they function 
better on comparative!}’' large volumes of earth. 

As an example of the galvanic application of intermediate frequency 
methods, the soil resistivity bridge of the U. S. Department of Agriculture 
is illustrated in Fig. Current is supplied from a battery-operated 

induction coil or buzzer. A container for the soil sample is in one arm of 
the bridge, a multiplier resistance in the opposite arm ; two sides of a slide- 

J. Koenigsberger, A.I.M.E. Geophys. Pros., 221 (1929). 

R. 0. E. Davis, U.S. Dept. Agr. Circ. No. 423 (July, 1927). 
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Tig. 10-13. Soil resis- 
tivity bridge (adapted 
from Davis). 


wire rheostat comprise the remaining bridge arms. 
A telephone is used as null indicator. This in- 
strument is primarily a low-resistance device and 
may he used not only for soils but also for electro- 
lytic solutions. The entire apparatus is portable 
and is illustrated in the article referred to. 

The Zuschlag in- 
strument for rock re- 
sistivit}'' determina- 
tions (see Fig. 10-14) 
is a regular A.C. (fre- 
quency) bridge, and 
provision is made to 
determine both the re- 
sistance and the ca- 
pacitance of the speci- 
men. Power of com- 


paratively low voltage is supplied from a beat- 
frequency oscillator or buzzer of constant fre- 
quency. If in this bridge pure resistances are 
in three arms and an inductance and capacity 
in the other, the phone will remain silent if 



Fig. 10-14. Zuschlag imped- 
ance bridge. 


Rl R4 

Ro 


and if 


OJ = 


1 

\/L{C,-- 


(10- 13a) 


where CT is the distributed capacity, Rl the resistance and L the inductance 
of the coil, Co the setting of the condenser, and Ro the setting of the resist- 
ance in the other side of the bridge when balance is obtained. If a high 
resistance specimen is now connected across the variable condenser, the 
balance is disturbed and re-established by adjustineiit of the condenser 
and resistance. Assuming that the new values t(3 obtain balance are Cd 
and J ?2 , th(i resistance of the specimen Rr and its capacity Cx are given l>y 


and 


l + lcCoiR^- Ro)V 
JctlR,-Ro) 

\ (10-13(0 




Ca 

1 HoW 




If Rx is too low to obtain a balance, the speciineMi may be connected in 
series with the induction coil and condenser. If Cs and Es are the capaei- 
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ties and resistances to obtain balance, 



so that ii Cx = 0, Rx ^ Rz — Rq • Also, 

^ Co_a 

* 4 “ (i^^CRz — Rn) 



(10~13c) 


(I0~13d) 


A method for determining the ground resistivities by induction is ar- 
ranged as follows,® A circular loop is laid out flat on the ground in such 
a manner that its radius may be varied. In its center a pick-up coil is 
set up, likewise in a horizontal position. The e.m.f. induced in it is 
measured, in respect to amplitude and phase, with a compensator whose 
pickup coil is connected to the primary loop. An amplifier and phone, 
or meter, indicates the balance between induced current and compensation 
current. The e.m.f. induced in the pickup coil (and therefore the field 
H) is dependent on the current I of the frequency / flowing in the primary 
loop with the radius R, If p is the resistivity of the medium within range. 




(10-14) 


where c is a constant. The depth penetration is assumed to be equal to 
the diameter of the loop; hence, the resistivity measured may not be a 
true hut an apparent resistivity. Further details will be given in the 
section on inductive methods (page 797). 

6. High-frequency ?7iethods. The frequencies employed here range from 
10 to 100 kilocycles. Several years ago when this frequency band was 
used extensively, the Radiore Company developed a bridge in which the 
impedance of the specimen in one arm of the bridge was measured by 
comparison with a known resistance with capacitance in parallel in the 
other arm. 

JMeasurenients of the ground characteristics at high frequencies in situ 
may be made with a double wire Lecher S3'sten/ or \vith the single ground 
wire of a high-f requeue}^ generator, buried at a shallow depth parallel with 
the surface. The current (measured at various points with a thermo- 
milliammeter) decreases with distance from the source since the viaves die 
out because of space damping. If the wire is long enough so that no re- 


® J. Koenigsberger, Beitr. angew. Geophys., 3(4), 392 (1933); 4(2), 201 (1934). 
Soe also pp. 782 and 796, this chapter. 

^ M Abraham, ei aL, Phys. Zeit., 20(7), 145 (1919). 
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flection occurs at the end, the decrease of the current with distance is 
given by 

h = /o-e-Tf'. (10-15a) 

Assuming further that the displacement current is negligible, the damp- 
ing coeflhcient may be written 




(19-156) 


that is, damping increases with frequency f and ground conductivity o-. 
It is seen that = hf e when Xe = 1 /y. Hence, = 


that 


2wy fa 


, so 


1 

if Xe denotes the distance at which the current has dropped to 
value at the source. 


(10-15c) 
^ of its 


F. Methods pdr the Determination oe Dielectric Constants 

Since the capacity of a condenser is proportional to the dielectric con- 
stant of the medium ■within, most laboratory methods for the determina- 
tion of the dielectric constant make use of the difference in the capacity 
of a condenser with and without the substance. (1) The change in ca{>ac- 
ity may be measured directly by the resonance method. (2) The more 
common procedure, how^ever, is to determine the impedance of a specimen 
by a sulstiiution method. (3) The ratio of the reactive and conductive 
components may he determined by the 'phase-shift method. (4) Dielectric 
soil properties may be studied hy an analysis of the ellipse of polarization 
of surface radio waves. 

1. Resonance method. In all laboratory methods for the determination 
of soil properties at radio frequencies, a soil condenser is applied, con- 
sisting of two concentric cylinders separated by an insulator, (Tig. 10-15a). 
Most measurements consist of, or are equiralent to, determining the 
geometric capacity Co of this condenser and comparing it with its capacity 
when filled with soil (Cf). 

Ill the resonance method (Tig. 10-15b) a source of RF is coupled to a 
circuit containing the secondary of a mutual inductance in parallel with a 
variable condenser Ca and the soil condenser C^. The voltmeter Y in- 
dicates a maximum at the point of resonance. The soil condenser is first 
removed and the condenser Ca is so adjusted that resonance is obtained. 
Assume that its capacity is then C'. The soil condenser is then inserted 
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and the air condenser is re-adjusted to the yalue to give voltage reso- 
nance. Since Cs = C" — C', the dielectric constant is given by k = (C"' — 
C') JCo , where Co is the geometric capacit^^ of C,. This method also 
furnishes the conductance component or the equivalent damping factor 
by an analysis of the shape of the resonance curve, by varying the con- 
denser Ca in steps and observing the corresponding voltages on either side 
of and at the resonance point. If Cj and C 2 are two condenser readings 
obtained on either side of the resonance point where the voltage is § of 
the maximum e.mi., and if AC is the difference of these two readings, the 
phase shift of the resultant in respect to the conductive component is 
given by 

tan <p = (10-~16) 

According to eq. (lO-lOc) the phase shift is tan (p = m/47ra’. In the 
equivalent circuit (Fig. 10-15c) the reactance component of the current 
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(a) (b) (c) 

Fig. 10-15- (a) Soil condenser. (5) Eesonance method of determining dielectric 
constants of soils, (c) Reactive and conductive components through soil condenser. 
(Adapted from Ratcliffe and White.) 


Ic is controlled by the effective capacity of the soil condenser, or Cs = 
kCo , whereas the conductive component is given by the resistance R = 
l/47raCo. Hence, by substitution, R = 2/ojAC. The method of deter- 
mining the conductive component from the decrement of the response 
curve furnishes good results only for comparatively high frequencies, of 
the order of 0.2 to 5 megacycles.^ 

2. Substitution method. In this method the impedance of the soil speci- 
men is determiued^ by substituting for the coil condenser a simulating 
unit consisting of a resistance with a condenser in piarallel. These are 
\’aried until the same resonant output voltage is obtained. A. tuned cir- 
cuit loosely coupled to an oscillator and provided with a beat oscillator 
and low-frequency detecting unit may be used in these measiiremeiits as 
shown in Tig. lO'-Kl. From the resistance and capacitance components 

s J. A. Ratcliffe and W. G. White, Phil. Mag., 10, 567 (1930), 

B. Feldman, I.R.E. Proc., 21, 764-801 (June, 1933). 
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read on the simulating unit, the resistinty and dielectric constants can be 
calculated as in the resonance method (see paragraph 1). 

3. Phase-shift method. The phase shift between the resultant current 
and the conductance component caftHse determined directly in the fol- 
lowing manner (Fig. 10-17): A perfect air conden.ser Vp without appreci- 
able loss angle is connected in series with the soil condenser C. . Both 
are placed in a high-frequency circuit and the voltages across the soil 
condenser and across the perfect condenser are compared on a cathode 
ray oscilloscope. The current through the .soil condenser makes the 
phase angle ip with the pure conductance component. If a i>erfect con- 
denser is now placed in series with the .soil condenser, the e.m.f. across 
it will be 90° out of phase with respect to this current and, therefore, have 
a phase shift of 90 — compared with the e.m.f. across|the condenser. 



Fios. 10-16. Determination of reactive and conductive eoniponeats of soils at radio 
frt^quencies (adapted from Poldiiian). 

If th(^ t*ondeiis('r lermiiiak are then connected to the four plates of a 
cat hode-ray oscilloscope as shown in Fig. 10-47c, the light spot will trace 
the resultant of the two voltage components and thus give tknr phase 
shift directly.^° 

4. Polarization. ?neas are merits. In this connection, the term “polariza- 
tioir refers; to the polarization of radio waves in the course of their propa- 
gation over the earth. This is brought about in tlie following manner: 
The radiation from an antenna may be considered as consisting of thr(>e 
component parts: (a) a space wave, w'hose amplitude decreases inrtrsfbf 
with the distance from the source because of a geometric spnaiding: \li) a 
surjace leave, decreasing in ain})litude inrersdij ivith lie ytjNore rtHti <4 
disianev] and (c) a ground ivare of a (lo])th peniUration giMu^rally <mal!rr 

C. B. Feldman, Bell Lab. Hec., 12(12) lAug., 1\)Uk KatrlifL undVVlilte. td- 
cit. It. L. Smith-Eosc, Roy. Soc. Pruc., A130, 350 
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than the wave length. Because of the differences in the variations with 
distance, the radiation in the vicinity of the antenna consists almost en- 
tirely of space waves, while at greater distances it approaches more and 
more the character of a surface wave. In addition to geometric spreading, 
the amplitude decreases because of absorption. The change from space 
to surface wave occurs more rapidly the shorter the wave and the lower 
the conductivity and dielectric constant of the surface and near-surface 




(a) 


Cathode 

Oscillograph Plaits 


(b) (c) 

Fig. 10-17. Measurement of phase shift in soil specimen by cathode-ra^y method 
(after Ratcliffeand White). 

beds. Thus, the variation of the electric and magnetic fields of the 
radiation may be expressed by the relations : 

E, = 120 ~ (volts cm"*); 

X r-(cm) 

H, = 47r ^ . e"?'C.G.S., 

\ r 

where E is the electric and H the magnetic field, a is the form factor and 
h the height of the antenna, r the distance from the source, g an absorp- 
tion coefiicient, Jo the current in the antinode of the antenna, and A the 
wave length. 

If the earth were a perfect conductor, the electrical field would be at 
right angles and the magnetic field parallel with the earth^s surface, and 
the electrical and magnetic fields would be in phase. For finite conduc- 
tivity at the surface or at shallow depth, a forward inclination of the 
electrical wave front is produced, while the magnetic field remains sub- 
stantially parallel with the surface. In other words, the electrical field 
now consists of a vertical component Z and a small horizontal component 
which are out of phase with respect to each other. The ratio of the peak 
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amplitudes of the horizontal aad the vertical components, as well as their 
relative phase shift, are functions of the effective conductivity and dielec- 
tric constants of the near-surface formations. According to Zenneck, 


1 -h jmi 


or 


X 

Z 




mo 


Vi -f 




e'^ ( 10 - 1 8 a) 


where the factor mo = /icopo/ 18 - 10 ^‘ (ko = dielectric constant, f = fre- 
qaenc^, and p = resistivity in ohm-cm) refers to air, and the factor 
mi = jf/cipi/lS-lO^^ refers to the effective ground properties. The phase 



Fig. 10-18. Elliptical polarization resulting from composition of a horizontal and a 
vertical component which are out-of-phase. 


shift between the two components is proportional to the reciprocal of the 
factor mi , so tha.t 

tan 2,?> = (10-185) 


Curv^es giving the ratio X/Z and their phase shift as functions of dielec- 
tric constant and conductivity of the ground have been calculated by 
Zenneck^ ^ and Feldman/^ 

Because of the oiit-of-phase condition of the horizontal 'with reference 
to the vertical component, the resultant electrical field vector describes 
an ellipse; this phenomenon is referred to as elliptical polarimtion and 
plays an important part in all electrical prospecting methods using inter- 
mediate and high frequencies. In Fig. 10-lS a large vertical 
is shown as one wave train, and a horizontal component as another, with 


Wireless Telegraphi/ (1915), Tig. 300, curves for 670-nieter wave length. 
12 I.E.E. Proc., 21, 790 (June, 1933), Fig. 22, for 16-ineter wave length. 
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a phase shift of 2x710. For the sake of illustration; the horizontal com- 
ponent is shown at right angles to the direction of propagation (Y) while 
actually, in the radio surface wave, the horizontal component is in the 
plane of propagation (X). This, however, does not change the resulting 
phenomenon or the equations given later. 

If for each instant the position of the resultant vector is constructed 
and then the ends of the vectors are projected on one plane, they lie on 
the circumference of an ellipse. The maximum vertical and horizontal 
components are tangents to this ellipse, and its tilt angle depends on the 
ratio of the two components as w^ell as their relative phase shift. As 
shown below, the ratio of major and minor axes of this ellipse may be 
measured conveniently in the field. If their ratio (see Fig. lO-lO) h/a 


Po5/fion of 


/ 5f (ino/ of antenna 



Fig. 10-19. Ellipse of polarization and receptor with rotatable antenna to measure 
compression and obliquity of this ellipse (adapted from Feldman). 


is designated by r, the ratio of the horizontal and vertical components is 
given by 


/XV _ (r^- l)sin^v^ + l 

\z) l)cos2> +'r 


(10-1 8c) 


where is the tilt angle of the ellipse. 

The following equation^^ for the relation betwtuui [)has(‘ shift tilt 
angle i/, and intensity ratio, follows from the gx^ometry of the (ellipse: 


cos ~ \ tan 24 f 



(10-18rf) 


An apparatus for the determination of thesehpiaii titles is illustrated in 
Fig. 10-19. It consists of a receiver with a rotatabk^ double' L antenna 


Derived on p. 690. 
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which is first oriented in the plane of polarization and then rotated until 
minimum signal is obtained. The axis of the double antenna is then in 
the direction of the minor axis of the ellipse. Ninety degrees from this 
position a maximum signal will be observed. The ratio of the mflyimiirn 
and minimum signals gives the ratio r. The inclination of the antenna in 
the position of minimum signal gives the tilt angle of the ellipse and, 
therefore, the ratios of the horizontal and vertical components and the 
phase shift between them. From these, the effective ground conductivi- 
ties and dielectric constants may be determined by trial and error with 



Fig. 10-20. Ellipseis of polarization for surface and ground waves, for various fre- 
quencies, and for various conductivities and dielectric constants (after F. Hack). 


the help of curves referred to in the last footnote. Changes in dielectric 
constants arc of less effect than changes in conductivity. For both long 
and short waves it is ol.)served that with an increase in conductivity the 
horizontal component vanishes and that the phase shift approaches 
The ground wave referred to before may be considered as a surface wave 
having penetrated into the ground, with concomitant modification of 
wave front and polarization due to the electrical properties of the surface 
strata. The ellipse of polarization takes different forms, deixmdiiig on 
whether the surface beds are dry to the depth of penetration, a moist 
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surface layer is present, or a ground water level exists. These conditions 
ajffect not only the ground wave but the surface wave as well. Both are 
shown schematically in Fig. 10-20.^^ 

G. Resistivities and Dielecteic Constants of Mineeals, Okes, 
Rocks, and Foemations 

Resistivities of minerals, ores, rocks, and formations vary within much 
wider limits than their other physical properties. For instance, the 
density may vary between the limits of 1 and 8 for minerals and between 
1.5 and 4 for rocks and formations. The range of elastic wave speeds in 
formations is from about 150 to 7000 meters per second; magnetic suscep- 
tibilities vary from 2 to 1 X 10~^. Extremes in electrical resistivity are 
represented by silver with 1 X 10“® ohm-cm and by sulfur with 10^® 
ohm-cm. This range is not encountered in practice. It is probably 
greatest in ore prospecting and lies between 10“^ and 10^ ohms, which 
corresponds to 10 powers. For comparisons of resistivities it is therefore 
advantageous to apply a logarithmic scale. 

Minerals and rocks may be divided according to resistivity into three 
groups, each of which comprises a range of 8 powers: 

1. Minerals of good conductivity, in the range of 10“® to 10 ohm-cm. 

2. Minerals and rocks of intermediate conductivity, covering the range 
from 10^ to 10^ ohm-cm. 

3. Minerals and rocks of foor conductivity, in the range of 10^° to 10^^ 
ohm-cm. 

In the first group are the metallic elements and graphite, the arsenides, 
the tellurides, the sulfides with the exception of sphalerite, cinnabar, and 
stibnite. The group also includes a few of the oxides, such as specularite, 
magnetite, pyrolusite, and ilmenite, although these are on the border line 
between the first and the second group. In the second and largest group 
of intermediate conductors are the oxide minerals except those mentioned 
above, most ores, virtually all rocks possessing electrolytic conductivity, 
and anthracite. Most minerals, particularly the rock-forming types, such 
as all silicate minerals, the phosphates, and the haloids, belong in the 
third group of poor conductors, as do also the hydrates, borates, nitrates, 
carbonates, sulfates, chromates, and molybdates. 

In Tables 62 through 70 resistivities are given in the following order: 
elements, arsenides, tellurides, sulfides, oxides, haloids, various rock- 
forming minerals, and miscellaneous commercial minerals. Then follow 
the ores and rocks with impregnations of conductive minerals. Next is a 
tabulation of resistivities of igneous and metamorphic rocks, determined 

(Continued on p. 664.) 


F. Hack, Ann. Phys., 27, 43-63 (1908). 
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Table 62 

RESISTIVITIES OF ELEMENTS AND MINERALS 


Resistivity in ohm-cm 


Elements 
Graphite, C 

Arsenides 
Nicollite, NiAs 

Tellurides 
Sulfides 
Covellite, CuS 
Galena, PbS 

Pyrrhotite, FeeSn 
Pyrite, FeS2 
Chalcopyrite 

Bornite, CusFeSs 
Marcasite, FeS2 

Molybdenite, M0S2 
Cinnabar, HgS 
Stibnite, 86283 
Sphalerite, ZnS 

Oxides 

Specularite, FeaOs 

Magnetite, Fe304 

Pyrolusite, Mn02 
Ilmenite, FeTiOs 


Investi- 

gator 


Sund- 

berg 


Good Conductors 


Intermediate 

Conductors 

lllO 102|l0®ll0<ll06|l0«ll07ll08ll09 


Sund- 

berg 


Edge & 
Laby 

u u 

Sund- 

berg 


Sund- 

berg 

Koenigs- 

berger 

Sund- 

berg 

Lowy 


5- -5 
5--5| 

Resistititt in ohm-cm 


Investi- 

gator 


o Intermediate Conductors 
U 


Poor Conductors 


10 102 103 10< 105 10« 107 1()« 109 1010 ion 1012 1015 1 1014 loiai i(] 


Hematite, Fe203 Lowy 

Limonite, “ 

2Fe203-3H20 
Wolframite, (Fe, 

Mn) (WO4) 
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Table 62 — Concluded 

RESISTIVITIES OF ELEMENTS AND MINERALS 


Mineral 


Halides 

Impure rock salt 

Various Rock- 
Forming Minerals 
Serpentine 
Hornblende 
Mica 

Quartz, 810*2 
Calcite, CaCOs 

Misc. Commercial 
Minerals 
Sulfur 


Bituminous coal 

Anthracite 

Coal 

Coal, dry & CO 2 
Fire clay 
Coal seam 


Mineral 


Investi- 

gator 


Koenigs-| 

berger 


Sund- 

berg 


Curtis & 
Thorn- 
ton 
Ewing 

Koenigs- 

berger 

ct 

Hawkins! 

Schluin-1 

berger 


Resistivity in ohm-cm 


6- 


Carhonates 
Siderite, Fc 2 (C 03)3 

Waters^' 

Saline water, 20% 

Saline water, 10% 
Saline water, 3% 
River water (Mon- 
tana) 


Investi- 

gator 


Sund- 

berg 

Edge & 
Laby 

H (< 

u n 

Erd- 

mann 


Intermediate Conductors 


102 


1-1 

1-21 


1 . 1 ) 


1(H 


2- 


4-^ 


10^ 


1.0 


10 « 




108, 


10» 


Poor Conductors 


1010 


1.5 


1011 


1012 


3.8 


1013 


1014 


1.2 

5.5 


1014 


1015 


1016 


1017 


I 

Resistivity in ohm-c.m 


! 1 


Good Conductors 


10^ 


10-5 


10 


Intermodiato Conductors 


10 -* 


;5.1; 

' 8 . 2 : 


103 lO'l ,105 106.107 103 109 


\7Ai 


1.5ii 


! I 


« p'or average values of waters in different geologic provinces, see p. 638. 
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Table 63 

RESISTIVITIES OF ORES 


Besistivitt in ohm-cm 


Obb 

Locality 

Investigator 

Good Conductors 

Intermediate Conductors 




10-2 

10-1 

1 

10 

102 

103 

1(H 

10« 

10« 

107 

108 

109 

Chalcopyrite 

Quebec 

Gilchrist 


2.1 











Pyrite 

Sweden 

Lundberg, 


1 ! 













et. al. 













Native copper 

Arizona 

Sundberg 


1 











Cong, with Cu 

Michigan 

u 


2 











Galena 

J oplin, 

u 


1 












Mo. 














Sphalerite, dry, 

Quebec 

Gilchrist 




4.96 

— 

— 

— 

1.4 





& -f-10% pyrite 
Blende ore (no 

Missouri 

Sundberg 










5 



iron) 

Zincite 

Franklin 

<( 



3 











Furnace, 

N. J. 














Chalcocite 

Butte, 

Sundberg 




6 









Pyrrhotite 

Mont. 

u 



7 










Chromite 

Canada 

Gilchrist 









1.3 




Chromite 

New York 

Lee 











1.7 


Hard graphite 


Hunkel 


2-4 











Magnetic ore 

Sweden 

Sundberg 



1- 


-1 








Magnetite 

New York 

Lee 










7.5 



Brown hematite 

Sweden 

Sundberg 











1 


ore 
















Table 64 

RESISTIVITIES OF ROCKS WITH CONDUCTIVE MINERAL 
IMPREGNATIONS 

Besistivitt in ohm-cm 

Rock Locality Investigator Comfu^rs Intermediate Conductors 

10-2 10-1 1 10 102 103 104 105 io« 107 losjio® 

Graphite slate Sweden Lundberg, 5 3.5 

Sand- 

berg 

Rock with dissemi- Falcon- Gilchrist 1 .85 

nated pyrrhotite bridge, 

Ont. 

Volcanic rock with “ 1.7 

chalcopyrite and 
sphalerite-sulfides 
equal 20% of speci- 
men 
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Table 64 — Concluded 

RESISTIVITIES OP ROCKS WITH CONDUCTIVE MINERAL 
IMPREGNATIONS 



1 


Resistivity in ohm-cm 

Rock 

Locality 

Investigator 

Good 

Conductors 

Intermediate Conductors 




10-2 

10-1 

1 

10 

102 

103 

104 

lOs 

108 

107 

108 

10» 

Limestone with, lenses 

Algeria 

Schlum- 







1.2 






of hematite 

berger 







to 

A 






Sericite slate with py- 

Quebec 

Gilchrist 









3.5 




rite 

Hornblende with 

Bavaria 

Hunkel 









8 

_ 

1 


graphite and pyrite 
Hornblende syenite 

1 

i 

C { 











1 


with magnetite 







1 









Table 65 


RESISTIVITIES OP IGNEOUS & METAMORPHIC ROCKS 







Resistivity in ohm-cm 

Rock 

Locality 

Investigator 

0IR. 

Frbq. 

Intermediate Conductors 






o 

s 

g 

& 

o 

§ 

S- 

o 

Specimens 

Diabase 

Idaho 

Sundberg 

3 




3.1 






Granite 

Bavaria 

Hunkel 

3 







1 



Devonian slate 

Harz 

Ebert 





2 






(( u 

u 

It 






6.5 





Porphyry, schis- 

S. Australia 

Edge & 


100 



3 






tose 


Laby 











Serpentine 


Eve & Keys 





3- 

-2 





Diorite 

Bavaria 

Hunkel 

3 





1 





Gabbro 

Mineville 

Lee & Boyer 


D.C. 





1.0 

— 

1.4 


Garnet gneiss 

Bavaria 

Hunkel 

3 






2 




Hornblende 

Mineville 

Lee 


D.C. 






1~6 



gneiss 

Gray biotite 


Lee & Boyer 


D.C. 






4 



gneiss 

a 












Syenite 

Bavaria 

Hunkel 

3 







1 



In Situ 













Graphitic schist 

Normandy 

Schlum- 


16 

1- 

1 









berger 











Schists 

Missouri 

Poldini 



2- 

6 







Hard calc. 

Belgian 

' Geoff roy & 




2- 

1.1 






schist 

Congo 

Charrin 











Mica schist 

Washington, 

Gish & : 


10 



1.3 






(hard packed) 

D. C. 

Rooney 




i 







Quartz por- 

Newfound- 

Kihlstedt 




3.4 







phyry 

(slightly al- 
tered) 

land 

1 
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Table ^5— Concluded 

RESISTIVITIES OF IGNEOUS & METAMORPHIC ROCKS 







Resistivity in ohm-cm 

Rock 

Locality 

iNVBSTiaATOB 

Die. 

Ebkq. 

Intermediate Conductors 







& 

vH 

& 

•-« 

& 

& I 

^ 1 

& 1 

& 

s» 

Keweenawan 

Michigan 

Hotchkiss, 


10-15 


1.2 


4.4 





lavas 


et. al. 











Greenstone 

« 

\ Eooney 


16 



1.1 






Porous trap- 

« 



16 

i 

1.6 







rock 

Pre-Cambrian 

Sweden 

Sundberg 





3-6 






Granite 

Washington, 

Gish & 


16 



5 







D. C. 

Rooney 









i 


Slightly altered 
syenite 

Ontario 

Kihlstedt 


200 



2.4 






« 






3.7 






Massive vein 

it 


200 




2 





quartz 

Diabase 

Michigan 

Rooney 


16 


4,5 







Serpentine 

Ontario 

Kihlstedt 


200 


2.1 












5.3 








Table 66 

RESISTIVITIES OF CONSOLIDATED SEDIMENTS^ 

- RBSlSTinTT IN OHM-CM 

Rock Locality ©iR. I^eq. 

102 103 104 105 

Shales and Slates 


Chattanooga 

Cent. & south 

Hub- 

50 

1.4 

shale (Dev.) 
Shale & glacial 

Illinois 

bert 

50 


drift 

Nonesuch shale 

Houghton 

Hotch- 

10-15 

1.8 


Co., Mich. 

kiss, 
et. al. 



Shale 

W. Hancock, 

Rooney 

60 



Mich. 




Slate 


Lee, 

0 

6.4 



Joyce, 

& 





Boyerj 



Clay (wet) 

Jugoslavia 

Loehn- 

D.C. 

2.1 


berg 

& 

Stern 


® Electrode spacing in four-terminal method, in feet. 
Determined in the field. 
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TABLE 66 — Continued 

RESISTIVITIES OF CONSOLIDATED SEDIMENTS 


Rock 

Locality 

Investiga- 

Dm. 

Freq. a“ 

Resistivity in ohm-cm 



TOB 



102 

103 104 

108 

106 107 

Grinneld argil- 

Ni sec. 23, 

Erd- 

dip 32^ 

16 


! 




lite 

T32N R20W, 

mann 









Flathead 










Co., Mon- 



10 


i 1*7 





tana 












11 to 

20 


9.6 







strati" 

20 


1 1.1 







fica- 

30 


1 1.0 







tion 



! 







± to 

10 


8.7 







strike 

20 


7.4 








40 


j 1.1 




Grinneld argil- 

it 

a 

dip 32® 

16 






lite 

(Water’s 





' 1.3 





Edge) 


11 to 

15 


i 1.4 







strike 

30 


I 8.0 










: 8.2 








10 


: 7.7 




Argillite (Mis- 

Sec. 27, T 32N 

u 

dip 31® 

16 


' 




soula group) ; 

R20W, Flat- 



10 


1 




pre-Cambrian, 

head Co., 



20 


1.6 




thin-bedded, 

Montana 


_L to 

30 


1 1'.5 




platy argillite; 



strike 

40 


1.4 




resembles 




50 


1.5 




Grinneld 

















1.1 


Conglomerates 






i 




Great conglom- 

Eagle Harbor, 

Hotch- 


10-15 






erate outcrop 

Mich. 

kiss, 









et. al. 







Calumet & Hecla 

Michigan 

Rooney 


^ 60 



2 

1.3 


conglomerates 









Sandstone 









Eastern sand- 

Michigan 

Hotch- 


10-15 


3. 5 -1.2 



stone 


kiss, 




i 1 



i 


et. aL 







Eastern sand- 

tt 

Rooney 


16 


4.3 


stone 








Muschelkalk ss. 

Lorraine 

i Schlum- 


16 


7 ' 


(Triassic) 


berger 






Sandstone (Ter- 

Coal Creek 

Erd- 

dip — 

16 10 


8.8 


tiary Oligo- 

Road, Flat 

mann 

al- 



9.8 


cene); soft, 

head Co., 


most 

20 


6.2 


friable; ex- 

Montana 


0 



6.7 


tremely fine 




30 


4.8 


grained ss. ; 






1 


pale green to 






1 


yellowish and 









buff ; contains 









thin beds of 









lignite 
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TABLE 66 — Concluded 

RESISTIVITIES OP CONSOLIDATED SEDIMENTS 


Rock 

Locality 

Investiqa- 

Dir. 

Fbeq. 

a« 

Resistivitt in 






103 

10^ 

103 

Armorican ss. 

Normandy 

Schlum- 






1 

compact Sili- 
ceous-Ordovi- 


berger 







cian 

Ferruginous 

Switzerland 

Koe- 






'4 

sandstone 


nigs- 







(Jurassic) 


berger 







Limestone 









Muschelkalk Is. 

Lorraine 

Schlum- 


16 


6 



(Triassic) 


berger 







Limestone with 

Algeria 

u 





1.2J 


lenses of 

hematite 







4 


Muschelkalk 

Lorraine 

u 


16 



1,8 


oolitic Is. (Tri- 
assic) 









Limestone 

Mississippian 

Poldini 





3~4 

1 


(Missouri) 








Siyeh Is., hard 

SW cor. sec. 5 

Erd- 

dip 54° 

16 





homogeneous, 

T29N E18W 

mann 



10 


6.8 

-1.4 

dark bluish- 

Flathead 


11 to 


20 



1.5 

gray, siliceous 

Co., Mon- 


strike 


30 



1.4 

magnesium 

tana 


1 to 


10 


3.6 


Is.; pre-Camb. 



strike 


20 


5.4 








7.9 







30 


6.6 









6.9 







50 


6.1 









8.1 



Table 67 

RESISTIVITIES OF UNCONSOLIDATED FORMATIONS (MOSTLY 
QUARTERNARY) 


Formation 

Locality 

Investigator 

a« 

PREQ. 

Resistivity in ohm-cm 

... _ . .. 

102 

103 

10^ 

103 

108 

102 

Marls 











Marl & gypsum 

Germany 

Schlum- 


16 

3- 

1.2 







berger 









Marl & gypsum 

Algeria 

u 


16 


1-3 





Jarnisy marls 

Lorraine 

i ( 


16 

i 

1 ^ 


1 



Marls 


Geoffroy 




7 






® Electrode spacing in four-terminal method, in feet. 
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Table Concluded 

RESISTIVITIES OF UNCONSOLIDATED FORMATIONS (MOSTLY 
QUARTERNARY) 


Fobmation 

Locality 

Investigator 

a® 

Freq. 

Resistivity in ohm-cm 

102 10® W |105 106|107 

Clay 










Clays with Mg salts 

Australia 

Rooney 


16 

1-2 





Clay (wet) 

Palestine 

Loehnberg 


D.C. 

5- -4 





Boulder clay (no 

Montana 

Erdmann 

10 


2.1 





gravel) 



20 


2.3 





Marine clay 

Ontario 

Hawkins 



3.6 





Dry clay 

New Jersey 

Feldman 


40 mc.^ 

5.1 





Wet clay 

« tc 

u 



8 





Boulder clay (wet) 

Montana 

Erdmann 

20 



1.1 




Alluvium and Silt 










Alluvium (moist) 

Montana 

it 

10 


2.3 





Silt (dry) 

{{ 

tc 

5 


2.0 








10 


1.3 








20 


1.4 





Glacial out-wash 

Washington 

a 

10 



1.3 




(dry) 

(state) 









U U 

a 

u 

10 



1.6 




ti u 

ti 

u 

10 



2.1 




Fluvio glacial till 

u 

it 

20 



8.4 




(wet) 



40 



5.7 




i 



60 



4.9 







100 



3.9 




Glacial 

Connecticut 

Leonardon 




5 




River gravel (wet) 

Montana 

Erdmann 

10 



1.2 




n a (( 1 

j 

(( 

u 

10 



1.4 




Yellow river sand 


Sandberg 




1.7 




(3.3% moisture) 










Yellow river sand 


“ 1 




8.3 




(0.86% moisture) 










Stream gravel (wet) 

Montana 

Erdmann 

10 



3.3 







15 



3.3 







20 



3.2 




River gravel (wet) 

Colorado 

« ' 

10 



4.8 







10 



6.5 







10 



4.8 








j 


8.9 





^ mo. = megacycles 10® cycles. 


on specimens in the laboratory; this is followed by a tabulation of resis- 
tivities determined on the same group of rocks in situ. The remaining 
tabulations give resistivities of consolidated and unconsolidated sedimen- 
taiy rocks, determined in the field, and of oil bearing formations, most of 
them measured by electrical logs. 
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Table 68 

RESISTIVITIES OF OIL FORMATIONS! « 


Formation 

Locality 

Investigator 

Resistivity in ohm-cm 




10* 

10* 

10< 

105 

108 

107 

108 

10» 

10« 

IQu 

Oil sand — fair 

Oil sand— good 

Lower oil forma- 
tion (daily av. 30 
tons) 

Upper oil forma- 
tion (2000 to 60 
tons) 

Heavy saturated 
oil sand 

Associated beds 

Very productive 
sands 

Same ss.; no oil, 
H 2 O saturated 

Oil sands, much oil 

Sand (dry) 

Productive forma- 
tions 

Same, with shows 

Oil horizon, 320 
tons per day 

Oil horizon, 110 
tons per day 

Salt Dome, 
Hull, Texas 

a a 

Tintea 

n 

Seminole field, 
Oklahoma 

<( tt 

Maracaibo 
Dist., Vene- 
zuela 

i < a 

Grozny Dist., 
Russia 

it it 

it it 

it it 

Dacian field, 
Rumania 

it it 

Deussen & 
Leonardon 

tc 

Koenigsberger 

it 

Schlumberger 
<fe Leon- 

ardon 

it it 

it tt 

it tt 

it ct 

tt ct 

Koenigsberger 

it 

tt 

Deussen & 
Leonardon 

it ct 

4 

6 

5.6 

5 

1.8 

1.5- 

7 

9- 

7.6. 

2.5 

6 

4 

2 

1.1 

2.2 

5-8 









Most of these were measured by electrical logs. 


Table 69 


DIELECTRIC CONSTANTS-MINERALS AND OTHER SUBSTANCES 
k' — apparent dielectric constants; ko = true dielectric constants, e.s.u. 


Material 

Local- 

ity 

Investi- 

gator 

Freq. 

Cycles 

Die. 

a' 

tea 

Elements or 
Substances 

Ice 


Pohl 




3.2 

Petroleum 


Various 




2.07-2.14 



authors 





Water 


ti a 




SI 

Minerals 

Sulfur 


Schmidt 

4 X 108 

3 cryst. axes 


3.00; 3. 9-4. 7 

Quartz 


ti 

4 X 108 

X ; II 3 cryst. 


4.3-46 





axes 



Gypsum 

1 

it 

4 X 108 

3 cryst. axes 


5.0;5.1; 9.9 
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Table 69 — Concluded 

DIELECTRIC CONSTANTS— MINERALS AND OTHER SUBSTANCES 
k' = apparent dielectric constants; fco — true dielectric constants, e.s.u. 


Material 

Local- 

ity 

Investi- 

gator 

Freq. 

Cycles 

Dir. 

k' 

*0 

Rock salt 


Schmidt 

4 X 108 



5.6 

Anthracite 


Ambronn 




5. 6-6. 3 

Anhydrite 






6-7 

Dolomite 


Schmidt 

4 X 108 

II; ± cryst. 


6.8; 7.0 





axes 



Siderite 


<( 

4 X 108 

u u 


6.9; 7.9 

Barite 



4 X 108 

3 cryst. axes 


7.7; 7.6; 12.2 

Augite 


tt 

4 X 108 

it it 


6.9; 7.1; 8.6 

Calcite 


t< 

4 X 108 

II; ± cryst. 


8.0; 8.5 





axes 



Sphalerite 


Rubens 



\ 

8.3 

Muscovite 


Poole 




9 

Limoni te 


Lowy 




10-11 

Cassiterite 


Rubens 

4 X 108 



12.7 

Hematite 


Lowy 




25 


Table 70 


DIELECTRIC CONSTANTS— ROCKS AND FORMATIONS 
= apparent dielectric constants; kq = true dielectric constants, e.s.u. 


Material 

Locality 

Investigator 

Freq. 

Dir. 

k' 

•to 

Marble 


Fleming 




6 

Granite (dry) 

Germany 

Lowy 




8 

Limestone 

it 

Stern 




8-12 

Diorite 

it 

Lowy 




8.5 

Sandstone (dry) 

t( 

{{ 




9-11 

Syenite 

a 

u 




12 

Basalt 


it 




12 

Porphyry 

ti 

tt 




9-10 

Gneiss 

France 

it 




14 

Mica schist 

Germany 

Stern 




16 

Schist 

n 

Lowy 




16-17 

Chalk (mois. 24%) 

Baldock, Eng. 

Smith-Rose 

10 mc.“ 


21 


Dark fibrous loam 

Rugby, Eng. 

it 

10 me. 


54 


(mois. 60%) 







Soil (mois. 3.6%) 

Teddington, 

tt 

10 me. 


1 



Eng. 






Dry river sand 


Fleming 




2-3 

Dry clay 


it 

long wave 



2-5 

Dry clay (stone 

Netcong, N. J. 

Feldman 

20 me. 



7-10 

chips) 



30 me. 


1.5 

7-10 




40 me. 



7-10 

Soil (mois. 11%) 

Teddington, 

Smith-Rose 

10 me. 



8-10 


Eng. 






Sandy loam 

Holmdel, N. J. 

Feldman 

10 me. 



11 

Sandy loam 

it u 

it 

20 me. 



11 

Dry topsoil 

a u 

tt 

10 me. 


15 


me. = megacycles 



Chap. 10] 


ELECTRICAL METHODS 


667 


Table 70~Concluded 

DIELECTRIC CONSTANTS— ROCKS AND FORMATIONS 


i apparent dielectric constants; ko = true dielectric constants, e.s.u. 


Material 

Locality 

Investigator 

Freq. 

Dir. 


«0 

Dry topsoil 

Holmdel, N. J. 

Feldman 

40 me. 



12 




30 me. 



13 




20 me. 



14.5 

Soil (mois. 17%) 

Teddington, 

Smith-Rose 

10 me. 


17-20 



Eng. 






Dry clay 

Holmdel, N. J. 

Feldman 

40 me. 



19.5 




30 me. 



22 




20 me. 


0.5 

23.5 




10 me. 



26.5 

Loam & clay (mois. 

Rugby, Eng. 

Smith-Rose 

10 me. 


21 


15%) 







Chalk (mois. 26%) 

Baldock, Eng. 


10 me. 


38 


Wet topsoil 

Holmdel, N. J. 

Feldman 

20 me. 



23 




30 me. 



23 




40 me. 



23 

Subsoil (wet) 

ie i < 

tt 

20 me. 



28 




30 me. 



28 




40 me. 



28 

Wet clay 

u <t 

(( 

20 me. 



29 




10 me. 



32 

Blue clay (mois. 

Rugby, Eng. 

Smith-Rose 

10 me. 


29 


23%) 







Blue clay (mois. 

tt u 


10 me. 


46 


25%) 







Daventry soil 

Daventry, Eng, 

Ratclifie & 

3 me. 



39 

(moist) 


White 





Clay and sand 

Rugby, Eng. 

Smith-Rose 

10 me. 


42 


(mois. 21%) 







Cambridge soil 

Daventry, Eng. 

Ratcliffe & 

2 me. 



43 

(moist) 


White 





Loam & clay (mois. 

Rugby, Eng. 

Smith-Rose 

10 me. 


43 


33%) 







Clay & sand (mois. 

{< a 


10 me. 


48 


26%) 








III. SELF-POTENTIAL METHOD 
A. General 

The self-potential method is the only electrical method which uses a 
natural field, that is, one supplied by spontaneous electrochemical phenom- 
ena. All other electrical methods use artificial electric fields. 

The elecjirical activity of ore bodies and the potentials associated with 
(1) concentrations of metals in placers, (2) the corrosion of pipe lines, (3) 
the movement of underground waters, and (4) foundation boundaries all 
arise from concentration differences of electrolytic solutions in contact 
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with metallic objects, from chemical differences of the materials coming 
in contact with solutions, and (in exceptional cases) from electrofiltration. 
These phenomena were discussed in detail in section ii. In eq. (10-la) a 
relation was given between the potential and the ratio of the solution 
pressures of two different substances in electrolytic solutions of different 
concentration; eq. (10-3) stated the conditions responsible for electro- 
filtration potentials. 

In the spontaneous polarization of ore bodies, the potentials arising 
from differences in solutions and from differences in materials appear to 
be related to one another as cause and effect. Differences in the solu- 
tions contacting different portions of an ore body (which probably con- 
sisted at first of the same material throughout) have brought about, largely 
through the medium of oxidation, a condition of unbalance which in turn 
is responsible for the potentials observed. Near the surface, the atmos- 
pheric agencies form an aerated zone rich in oxygen^ while at the lower 
portion of the ore body the solutions are either poor in oxygen or are 
even of a reducing nature. The oxidation of the pyrite at the top proceeds 
in accordance with the relation 

FeS 2 + 70 + H 2 O = PeS04 + H 2 SO 4 . 

The ferrous sulfate is readily transformed to ferric sulfate since 
2FeS04 + H2SO4 + 0 = Fe2(S04)3 + H2O. 

Ferric sulfate in turn changes by hydrolysis to hydrous ferric oxide 
(limonite) : 


Fe2(S04)3 + 6H2O = Fe203*3H20 + 3H2SO4 . 

The sulfuric acid formed in this process is mostly neutralized by the car- 
bonates (calcite, limestones, and the like) in the adjacent formations. The 
last relation explains the formation of the gossan in the zone of oxidation. 
Minerals contained in it have a lower solution pressure than the unaltered 
ones in the lower end of the ore body. Hence, in accordance with eq. 
(10-1 c), a potential difference is set up between the upper end and the 
lower end of the ore body. A current is then flowing downward in the ore 
body as well as around it outside; the zones of ingress of this current are 
above the top of the body and are "^indicated by a negative potential center 
(see Fig. 10-21). 

Although pyrite shows the strongest spontaneous polarization, it is not 
the only mineral exhibiting this property. Activity has been observed 
also on pyrrhotite^ magnetite^ cohalt ore^ graphite, and anthrazite; on forma- 
tion boundaries; and in connection with the corrosion of iron pipes. 
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Fig. 10-21. Chemical reaction and electrical activity on pyrite ore body. 

B. Equipment; Electkodbs; Surveying Procedure 

The object of a spontaneous polarization survey in mining is the locali- 
zation of negative centers. This may be done by surveying (a) equipo- 
iential lines, or (b) potential profiles. In either case nonpolarizable elec- 
trodes (“porous pots”) are employed. The theory of these was discussed 
in section ii (page 630). Special attention is given to an identity of 
electrode potentials (that is, maintenance of a saturated solution). Polari- 
zation (and current density) is kept at a minimum by making the electrode 
surfaces in contact with the copper sulfate as large as possible. All elec- 
trode metals are usable that act reversibly, that is, metals in theii salt 
solutions, (Cu in CUSO 4 , Zn in ZnS 04 , and so on). In practice, Cu in 
CUSO 4 electrodes are most widely employed. The electrodes are satis- 
factory when the voltage between a pair does not exceed 1.10 volts. 
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Details on construction and operation have been given by Edge and 
Laby^^ (see also Fig. 10-22). 

Lines of equal potential are measured by locating points between which 
no current flows. This is a null method and requires only a sensitive 
galvanometer. A high-resistance milliammeter, zero center, with a range 
of 300 to 400 milliamperes and reading to an accuracy of | milliampere, 
is most suitable. Potential differences along ^^potential profiles'^ are 
measured with a potentiometer whose accuracy should be about 1 milli- 
volt, and which should read up to 1 volt. Exten- 
sively used for both self-potential and resistivity 
measurements is the Leeds and Northrup pH potenti- 
ometer, which is described in more detail in section v 
on resistivity methods^^ (see page 724, Fig. 10-59a). 

In a new area, the field procedure is largely deter- 
mined by terrain conditions. If the area is accessible, 
fairly level, and reasonably moist to give good contact, 
the equipotential lines can be traced directly. In 
more difficult terrain straight-line traverses are first 
laid out with tape and compass perpendicularly to the 
supposed strike, so as to intersect such surface indica- 
tions as may be available. Numbered wooden pegs 
are fixed along them at from 20 to 100 foot intervals. 
Having determined and noted the potential difference 
between the two electrodes placed at the first two pegs 
on the traverse, and noted the polarity of the forward 
station, the operator moves the forward electrode and 
potentiometer to the next peg forward while the as- 
sistant moves the rear electrode to the position just 
vacated by the operator. Readings are plotted in the 
form of potential gradients (referred to unit distance) 
or in the form of potentials calculated by progressive 
addition of potential gradients. Potential differences 
recorded on (normal) ground free from minerals are 
usually small and irregular. Ore bodies produce large and steady grad- 
ients which are readily recognized. If the reconnaissance shows a well- 
defined gradient of the order of | of a millivolt or more per foot, which 
persists over distances of several tens or hundreds of feet, time may often 
be saved by mapping equipotential lines. 

In this procedure, the potentiometer (or a milliammeter, which is faster 



Fig. 10-22. 
Porous pot 
electrodes {Hei- 
land Research 
Corp.). 


A. B. Edge and T. H. Laby, Principles and Practice^ etc., pp. 208-240. 
See also ibid., pp. 236-237. 


Chap. 10] 


ELECTEICAL METHODS 


671 


in this particular procedure) and one electrode are placed at a point on the 
reconnaissance traverse at which the gradient is steep and regular. The 
assistant then takes the second electrode, connected to the potentiometer 
or millianameter by a 50- to 100-foot length of insulated wire and applies 
it to the ground in a succession of trial points situated approximately on 
the circumference of a circle, the radius of which is determined by the 
length of the wire. The operator, in watching the direction and the 
amount of deflection of the galvanometer^® or milliammeter for each of the 
trial contacts, will be able to direct the assistant to the point of equal 
potential at which no deflection is observed. A stake is driven at this 
point and the operator moves up to it while the assistant moves forward 
to locate the third equipotential point. With a type of electrode to which 
a small milliammeter is permanently fastened, the survey may be expe- 
dited by leaving one electrode stationary with the assistant while the 
operator moves the other to a point of zero current. Equipotential-line 
surveys should be closed back to the starting point. As soon as an equi- 
potential line has been traced, the disposition of the electric field and the 
approximate location of a negative center will be known. Its precise 
position is established by surveying other equipotential lines at arbitrary 
intervals of constant potential difference which may be spaced with the 
potentiometer. 

With a milliammeter, potential differences may be determined as follows: 
Two resistors are placed in series with the electrodes, one of unknown 
resistance Ro (resistance of milliammeter included) and the other of variable 
resistance R. First, a reading Ji is taken with only Rq in the circuit, so ' 
that 1 1 = {V A ~ Vb)/Ro , where Va and Vb are the electrode potentials. 
Then R is inserted and adjusted until one-half of the former reading is 

obtained, so that /a = ^ : ■ p - . Hence, Rq = R and, therefore, the po- 

JLto “T R 

tential difference Va — Vb — Rh • 

C. Interpretation 

The spontaneous polarization method is one of the few electrical methods 
in which the depth of penetration cannot be controlled. Hence, any 
quantitative interpretation must necessarily be of an indirect nature. 
Anomaly curves may be calculated for bodies of simple geometric shape; 
depth and dip can then be determined approximately from them by inter- 
polation. Such calculations may be readily made for spheres with vertical 
or inclined polarization and for bars and sheets. These calculations give 

If the galvanometer of the potentiometer is used, the slide wire dial must be 
set at zero. 
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curves of a degree of approximation which is satisfactory in practice. It is 
evident, of course, that actual ore bodies are far from having the shapes 
assumed here. 

Assume that the electrical field distribution is equivalent to that of a 
vertically polarized doublet and that E is the potential difference between 
its terminals, corresponding to the electrical charges e and —e (Fig. 10-23). 
Then the potential at a point P is Vp = e/n — e/r 2 ^ e(r 2 — . 

If the diameter 2R is assumed to be small compared with r, then cos 



Fig. 10-23. Vertically polarized sphere. 


^ (rg ri)/2R cos 0, and r 2 — n = 2R cos so that Vp = 
cos B/T 1 T 2 . As n ^ 


2eR cos I 


(10-19a) 


Since the moment of the electric doublet is 2eR = m, Vp — m cos S/r^. 

E 

The potential on the sphere for an angle ^ is - • cos d; therefore, 
E 

• cos 0 == m cos ^/R^ so that rn = ER^/2. The expression for Vp 
0 jE7R“ 

then becomes^' Vp = cos 6 or, since cos d — hf-y/x^ 

■p. 

(10-196) 


To find the maximum potential, differentiate (10-196) with respect to x: 

- 1 EB^hxi/ 4- hT^'\ (10-19C) 

20 See A. Petrowsky, Inst. Prakt. Geophys. Bull. No. 1, 87 (1925). 

21 Eq, (10-196) is obtained also by applying the theory of images, that is, by 
assuming a reflected sphere above the earth's surface. See E. Poldini, Univ. de 
Lausanne Bull. No. 61, 21 (1938). 
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This expression is zero when x is zero, so that, from (10-196), 

T, ES.^ 


(10-19d) 


An approximate calculation of the depth of the doublet may be made by 
determining the distance of the “half-value” point of the curve from the 
point of the maximum. Equating the general expression for the potential 
in (10-196) to one-half the maximum value given by (10-19d)j we get 
1/2 + = 26®, which gives 

= h - 1 = 0.767/1. (10-19e) 

The expression in eq. (10-19c) signifies current density. An analysis of 
the curve representing the variation of this quantity with distance is 



Eig. 10-24a. Potential curves for polarized spheres of various angles of inclination 

(depth h = 2). 

useful for depth determinations as follows: Differentiating (10-19c) again 
with respect to x and equating the result to zero, we find that a maximum 
occurs when 


(10-19/) 

It follows from (10-19c) and (10-19/) that the current density above 
the vertically polarized sphere is zero and that on either side a maximum 
and minimum occur whose distance is equal to the depth to the center 
of the sphere (see Fig. 10-246). It should be recalled that current density 
and therefore potential gradient is obtainable directly in the field from 
voltage readings with constant electrode separation. 

A dipping ore body may be considered equivalent to a polarized sphere 
whose axis of polarization makes an angle a with the vertical. Resolving 
this inclined doublet into two doublets of the respective moments m cos a 
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and m sin a, we note that m cos a acts at P as a vertically polarized sphere. 
Hence, the potential at P, according to eq. (10-1%), is 

, ER^ h COB a 

(^2 + ;, 2 ) 3 / 2 - 


The horizontal doublet m sin a is the equivalent of a horizontally polarized 
sphere. With x instead of h as its distance from the surface, we have for 
the potential of this doublet at P 

ER^ X sin a 
~ “ 2 " 

The total potential at P is the sum of the potentials due to the components 
of the dipole: 


V = 


PR' 

2 


Fora = 45^7 - 


PR' (h + x) 


The point 

A(rb\/T7 " 


2V2 

of maximum potential for 


(h cos a + a: sin a) 

(^2 + h2yn 

; and for a = 90®, V = 


(10-20a) 


PR' 



m 


m 


m 


-300 


- . ;^2)3/2 

= 45® is given by a; == 
3)/4; 0.281/1 is a maximum and -~1.781/i a minimum point. 

At both points the current density 
is zero (see Fig. 10“24a). By re- 
peated differentiation, the points of 
maximum and minimum current 
density are found at a; = 0.55/i 
(max.), X == — 0.425/1 (min.), and 
X = —21h (max.) (see Fig. 10- 
246). For a = 90®, the point of 
maximum potential is at a; = 
±/i/\/2; and the current density 
at a; = 0 is a minimum and at 
X = dh 1.22/1 is a maximum. 

Simple relations may be derived 
for the self-potential of an ore body 
considered as a polarized bar with 
a negative current source on its 
upper end and a positive source on 
its lower end. Assume the ore body to be located in the xz plane, so 
that the vertical distance of its upper end from the surface is hi , that of 
its lower end is A2 , its projection on the x axis is a, and the distances of its 
ends from a surface point are ri and r% . The coordinates of this point are 
X and y and the 0-point of the system is assumed to be directly above the 


-000 


-900 


Fig. 10-246. Current density curves 
for polarized spheres of various angles 
of polarization. 
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upper end. Then the potential for the upper (negative) source or sink 
is 7i = — jo7/27rri and that for the lower source is Ta = p7/2nr2 , so that 
the total potential 

Substituting 

n = Vx^ + y^ + hi and n = V(a: — aY + hi, 
the potential is 

V = - ^^{(x^ + y^ + - [(x - a)^ + y^ + hir‘^}. (l0-20c) 

.To what extent the second term is effective depends on the length of the 
ore body. The negative center becomes displaced from a position above 
the negative pole in proportion as the body becomes shorter and the dip 
becomes less; until, for a flat-lying body, a positive and negative anomaly 
of equal strength will be observed. As before, depth rules can be calcu- 
lated for various angles of dip of the bar. Such calculations are simplified 
by moving the point P into the xz plane (y = 0), 

The effect of a dipping polarized sheet may be derived from the one 
previously treated by assuming polarized lines instead of point sources at 
the upper and lower ends of the body. Calculations and curves are given 
by Edge and Laby.^^"" 


D. Corrections 

Compared with other electrical methods, few corrections and inter- 
ferences occur in self-potential surveying. (1) For very accurate surveys 
a correction for polarization of electrodes may be determined and deducted. 
(2) In hilly country, corrections may arise from uphill currents (due to the 
fact that in the earth’s electrical field, localities of higher elevation are at a 
different potential). The topographic effect is not so pronounced in the 
self-potential as in the equipotential-line method (in which the entire 
ground is energized and, therefore, the distribution of potential is influenced 
by topography). 


E. Results 

The self-potential method has been applied to the location of; (1) sulfide 
ore, (2) anthracite coal, (3) metals in placer deposits, (4) formation 


Op . cit ,^ p. 244. 
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boundaries, and (5) pipe corrosion. Since Schlumberger made his famous 
measurements on the Sain Bel pyrite ore body in France in 1913, nu- 
merous sulfide ore bodies and mine prospects have been surveyed by the 
self-potential method in all parts of the world. 

A discussion of two examples will suffice. One is the survey of the 
Hope Mine in British Columbia (see Fig. 10-25) (about eighty miles from 
Vancouver). Nickeliferous pyrrhotites with a proved tonnage exceeding 

500,000 tons occur in the 
vicinity of a pyroxenite dike 
in granodiorites. In 1930 a 
self-potential survey showed 
a prominent indication near 
the mine where ore was not 
suspected. The potential 
anomalies exceeded 300 mill- 
ivolts. A trench dug at the 
indication (see figure) re- 
vealed an ore body of pyr- 
rhotite about 40 feet wide. 
One of two inclined drill 
holes traversed a mineralized 
zone about 70 feet wide, 
leaving it at a depth of 176 
feet. 

Self-potential phenomena 
are not necessarily limited 
to large and very massive ore 
bodies. They have also been 
observed on ^^stringer” types 
of mineralizations. Fig. 10- 
26 shows a self-potential 

survey made in the Palli&res 

British Columbia (after Geoffrey). ' region in the D6partement 

du Card in France. The 
geologic section is characterized by an extended contact zone with Paleozoic 
granites on the east and Triassic arkose and Rhetian shales on the west. 
Resting unconformably on the shales are limestones and dolomites of 
Hettangian age. The mineral solutions have been forced into the contact 
zone from below and have followed the bedding planes and shattered 
zones in the sandstone and shales as well as in the limestones, thus giv- 
ing rise to the pattern shown in the figure. The self-potential survey clearly 
reveals the areas of greatest mineral concentration (mostly pyrite). 
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Anthracite coal is a good conductor of electricity and also shows strong 
spontaneous polarization. A positive potential center, instead of a nega- 
tive one, is found on the upper part of anthracite beds.“ 

It was ‘found by Ostermeier’'® that metal concentrations in placer de- 
posits may show spontaneous polarization. In the rivers of the bight of 



Fig, 10-26. Self-potential survey on mineral stringers in the Pallieres contact zone, 
Departement dii Gard, France (after Poldini). 

Cienaga in Colombia, conditions appear to be favorable because the river 
gravels contain boulders with impregnations of pyrrhotite which are prob- 
ably in the immediate vicinity of the mother lodes partially eroded by 

See S. F. Kelly, Eng. and Min. J„ 114(16), 1922. 

23Metall und Erz, 30(2), 21-24 (1933). 




678 


ELECTRICAL METHODS 


[Chap, lo 


the river bed. A cane provided with two electrodes at its end and a 
simple potentiometer consisting of a rheostat, galvanometer, and dry cell 
was sufficient to locate the eroded veins and boulders in the river bed 
(see Fig. 10-27). 

By accurate spontaneous polarization measurements, taken at short 
intervals, small potential differences have been established on formation 
boundaries.^* At five-meter intervals the potential differences are of the 
order of several tenths of a millivolt, whereas in undisturbed terrain their 
value is generally but one-tenth of this magnitude. Boundary potentials 
are probably caused by differences in the conductivity of solutions filling 
the pores, so that “concentration elements” are formed (see ii, a, page 631). 




Fig. 10-27. Spontaneous polarizations obtained on ore placers and eroded veins in 

Colombia (after Ostermeier). 

In Fig. 10-28, curve b shows the potential gradients; curve fe' shows the 
potentials, and the section below indicates a formation boundary between 
granite and gneiss which was located on the basis of the potential measure- 
ments by four auger holes. 

In areas of metamorphosed sediments it is sometimes possible not only 
to locate formation boundaries but also to make more detailed studies of 
geologic structure. Conditions shown in Fig. 10-29 made the self-poten- 
tial method applicable because graphite occurred in some of the key beds. 
In the copper district of Katanga the ore occurs in anticlines of the so-called 
mine series of the Kundelungu formation, made up largely of slates and 
dolomites and containing a graphitic horizon. Another similar horizon 
occurs in the so-called Muaslira series, immediately beneath the Great 

H. Hunkel, Zeit. Prakt. GeoL, 36(7 and 9) (July and Oct., 1928 ). 
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Kundelungu conglomerate. It was possible to determine the boundary 
of the area occupied by the conglomerate and to locate the uplifted por- 
tions of the beds in the mine series. The extreme right of Fig. 10-29 
shows plainly the rela- 
tion between the loca- 
tion of a mine and the 



maxima in the self- 
potential anomaly. 



The problem of pipe 
line corrosion is one of 
great commercial impor- 
tance. Extensive studies 
have been made in recent 
years to determine its 
cause and to devise reme- 
dies. Various electrical 
prospecting methods and 
modifications thereof 
have been instrumental 
in making possible a 
better understanding of 
the phenomena involved. 

When a metal is im- 
mersed in a conductive 
liquid it emits positive 
ions and takes on a nega- 
tive charge. Under nor- 
mal conditions an equili- 
brium is established, 
since the positive ions 
are held near the metal 
by the negative charge. 
Two agents will disturb 
this equilibrium: 



1. Acid solutions (rich ^ ^ -r-, . i x x x- i 

_ 1 Fig. 10-28. Potential gradients, potential profile, 

in oxygen, sulfate, ana geologic section uncovered on the basis of the 

chloride ions). These survey (after Hunkel). 


have a tendency to elimi- 
nate the metallic ions as soon as they appear, and the metal will there- 


fore be strongly attacked. Destruction will occur at the points of lowest 
potential, that is, in the anodic zones or zones of positive potential. 

2. Stray currents. Metallic conductors attract currents in certain zones 
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in the vicinity of power plants, trolley lines, and the like, and dischara-A 
them agam m others. Current is collected in the negative zones anrl 
leaves the conductor in the anodic or positive zones. It is again in thc^ 
latter that the destruction of metal occurs. The effects described arp 
related as cause and effect. In the former, chemical action is the cause 


S£lf’POT£mALS(JRV£yofAP£A^r/<ArAmA 



Fig. 10-29. Location of folds of graphitic slates in Katanga (after Poldini). 



rea^tk)ns'!”'''''^’ produce the chemical 

Since a,nodic zones are generally located in areas of low resistivity svs- 
rf : have . 

conosiveness. Self-potential methods arc used for the determination of 
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the zones of egress when the corrosion is of a chemical nature or is produced 
by stray currents not due to industrial plants. Measurements are made 
in the customary manner with nonpolarizable electrodes at short intervals 
to locate zones of positive potential. Fig. 10-30 shows measurements 
made in this manner along 2300 feet of pipe line in Paris, at intervals of 
some 66 feet, establishing two corrosion zones by their positive potential. 
C. and M. Schlumberger^® have described these and other methods for the 
location of corrosive zones in more detail. 

IV. EQUIPOTENTIAL-LINE AND POTENTIAL-PROFILE 

METHODS 

A. Conditions in Stationary Fields 

When electric energy is applied to two points at the ground surface, an 
electric current will flow between them because of their difference in po- 
tential. If the medium between the two electrodes is homogeneous, the 
current and potential distribution is regular and may be calculated. When 
good or poor conductors are imbedded in this homogeneous medium, a 
distortion of the electrical field occurs. Good conductors have a tendency 
to attract the current lines toward them while poor conductors force them 
away. Theoretically it should be possible to detect bodies of different 
conductivity by measuring the geometric disposition of these current fines. 
In practice this cannot be done with sujfficient accuracy; it is necessary to 
determine the direction in which no current flows by locating points which 
have no potential difference. Using a null method has the advantage of 
both accuracy and ease of procedure. Quantitative measurements of po- 
tential difference are not required when the lines of identical potential, or 
“equipotential lines,’' are traced. For homogeneous ground the potential 
variation in both a horizontal and a vertical plane is illustrated in Fig. 
10“31. The potential gradient is not uniform; it is greatest Lq the vicinity 
of the electrodes. The ^ ^current lines’' are concave to the surface because 
of the repulsion of adjacent current fibers. Equipotential lines, at right 
angles to the current lines, are circles only in the immediate vicinity of the 
electrodes. Elsewhere in the horizontal plane and vertical section, they 
are curves of the fourth degree. 

For a stationary field the potential distribution in homogeneous ground 
can be calculated. By a stationary field is meant here a field which does 
not change with time and is produced by direct current after equilibrium 
has been reached. The results obtained apply also to A.C. fields if skin 
effect and elliptical polarization are neglected (quasi-stationary fields). A 

A.I.M.E. Tech. Pub. No. 476. The trade journals covering oil and gas trans- 
portation currently carry articles dealing with pipe corrosion. 
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determination of the potential distribution for the horizontal or vertical 
plane is possible by calculating the potentials of each electrode separately 
from Ohm’s law for the semi-infinite space and by combining them for any 
given point. The resistance of a hemispherical shell with the radius r, the 
thickness dr, and the resistivity p \s dR = pdrf2Tr^, and the potential 
drops from the inside of the shell to the outside by the amount —dV = HR. 
Therefore, from an integration of this expression and a similar one for the 
second electrode, the potential at any point is 


The “equipotential surfaces” are defined by the expression 1/r — 1/r' = 
constant and are surfaces of revolution of the fourth order about the 
base AB. In the vicinity of either electrode 1/r' is negligible compared 
with 1/r and the equipotential surfaces are nearly spherical. The poten- 
tial gradient or electrical field strength is proportional to the inverse square 
of the distance, or 


E = 


-dV 

dr 



(10-216) 


The addition is vectorial. As applied to the surface, this becomes 




1 

(6 - r) 




(10-21c) 


(algebraic addition). In the center between two points of the distance 
(base length) 6, 

‘•c • 4/ 

E„ = pto = p_, 


and the current density i at any point below the center in the vertical 
plane is 

id = io’Gos^ <pj (10-21e) 

where <p is the angle subtended by a ray from the electrode to this point 
with the horizontal plane. 

For given fractions of the current density at depth d in terms of the 
density at the surface center, the corresponding depths can be determined. 
C. H. Knaebel^® and W. Weaver^^ have calculated the portion of the 
current penetrating below a depth d through a section at right angles to 
the electrode basis (sec Fig. 10-32). 


26 Mich. Coll. Min. Bull., NS, 6(2) (Jan., 1932). 

27 w. Weaver, A.I.M.E. Geophys. Pros., 70 (1929). 
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Fig. 10-32. Fraction of current penetrating below 
depth d, as a function of the ratio of depth and base 
length (after Knaebel). 


As previously stated, 
a determination of the 
direction of current lines 
is impracticable since 
there is but little change 
in potential away from 
the direction of maxi- 
mum current (see Fig. 
10-33) . Jn the direction 
X of maximum potential 
difference, the electrical 
field is —dV/dx. In 
any other direction r, it 
is —dV/dr. Since r = 
a:/cos a, 



E* cos a, (10-22) 

so that the vector, for all 
values of a, is repre- 
sented by a figure eight. 
This explains the sharp- 
ness of the nulls observed 
in the location of equi- 


potential lines, a condition which is strictly true for direct current only. 


EquipoienfioJ 


Line 



Fig. 10-33. Relation of amplitude curve, and directions of equipotential 
and current lines. 
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B. Conditions for A,C. Fields 

The use of alternating current for potential investigation introduces two 
limitations which may prove to be severe if experimental conditions are 
unfavorable: (1) reduced depth penetration and (2) elliptical polarization. 

Contrary to direct current, the passage of alternating current is com 
trolled by the capacitive and inductive reactance as well as by the resist- 
ance of the circuit. For a conductor of sufficient section the inductance 
of the current fibers in the interior is greater than that at the surface. 
Thus the current has a tendency to flow nearer the surface. For very 
high frequencies the current is confined to the outermost ^^skin.'^ 

Relations governing the depth penetration of A.C. such as used in equi- 
potential-line methods (300 to 1000 cycles) may be derived from the laws 
of electromagnetic wave propagation by introducing certain simplifications. 
Since for the above frequencies the displacement current may be neglected, 
the current density at a depth d from the surface of a conductor (where 
the current density is ia) may be written 


id = io*© ° ^^^""-sin ^2/^ — (l0~23a) 

where the depth is in centimeters, / is frequency, y, is permeability, a is 
conductivity (in e.s.u.), c is light velocity, and t is time. The equation 
states that an attenuation of amplitude and a phase shift between surface 
and depth current occurs. The attenuation for the peak values of the 
current is therefore 

^2wd . — 

I, = (10-236) 


where the permeability has been assumed to be equal to 1. Hence, the 
depth at which the surface-current density has dropped to 1 /e of its value, 
with p as resistivity, is 



(10-23c) 


Since the presence of good conductors at the surface or near the surface 
reduces the depth of penetration, provision is made in some A.C. methods 
to lower the frequency when greater penetration is desired. Fig. 10-34 
shows the depth penetration of alternating currents of the frequencies 1, 
25, 60, and 500, as a function of resistivity, in double logarithmic scale. 
For any other frequency the penetration may be read off on the frequency 
scale, which is half that of the depth scale, since the penetration is inversely 
proportional to the square root of frequency. 
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In a single A.C. field, the voltage oscillates between its extreme positive 
and negative values on a current line. The projection of its amplitude 
variation with time on a horizontal plane is a straight line. The voltage 
drop is a maximum along this line. At right angles thereto a true equi- 
potential line is present. Conditions are therefore the same as in the D.C. 
fields. If another A.C. electrical field, or fields, interferes, one of the two 
following phenomena will occur. If there is no phase shift between the 



100 mo 10.000 mooo 

Fig. 10-34. Depth penetration {d at /o/e) for alternating current of various 
frequencies, as a function of resistivity (permeability = 1; displacement current 
neglected). 

fields, conditions remain as before. The maximum amplitude of the vector 
is the resultant of the maximum amplitudes of its components. The pro- 
jection of its time variation on a plane will still be a straight line. If, 
however, the other field or fields are shifted in phase with respect to the 
field considered, elliptical polarization of the resultant field occurs. This 
occurrence derives its name from the fact that the projection of the time 
variation of the resultant vector upon a plane is an ellipse. The out-of- 
phase field may differ from the original field in direction or in coordinate. 
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Elliptical polarization may be readily demonstrated if it is assumed that 
the additional field differs from the original field in respect to both direction 
and phase by 90°. If the time variation of the two fields is represented 
in two vertical planes at right angles to each other (Fig. 10-35) and if the 
main field is assumed to have the larger amplitude and the interfering 
field the smaller one, the length of the resultant vector I will be equal to 
the maximum amplitude A of the larger field at the instant 1, since the 
amplitude of the second field is zero. At the instant 2 the amplitude of 



Fig. 10-35. Elliptical polarization of an electric field when its components are 90° 
out-of”phase and differ in direction by 90°. 

the larger field has decreased; the amplitude of the smaller field has in- 
creased; and their resultant is given by the length and direction of the 
vector 11. At the instant 3, the resultant field is given by the length of 
vector III. At the instant 4, the amplitude of the larger field is zero. 
Hence, the vector IV has the length B and is at right angles to the vector I. 
The same phenomenon recurs in the three remaining quadrants. A line 
connecting the ends of the vectors is an ellipse. 

The variation of the field amplitude with horizontal direction was pre- 
viously represented by two adjoining circles (Fig. 10-33). If this pro- 
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cedure is applied to both fields considered here, two figures eight result, 
rotated 90° in respect to their larger axes. Amplitudes resulting from 
each are superimposed. If in any given direction the amplitude of the 
large field is PQ and that of the smaller field PR, the resulting amplitude 
is PS = PQ + j PR, Plotting the amplitude of the PS vector for the 
entire horizontal plane, we get a lemniscate. If the small out-of-phase 
field were not present, a single figure eight would represent the amplitude 
variation. An absolute zero would be obtained in the direction of the 
equipotential line. With an interfering field, however, the sound never 
vanishes. Only a minimum is observed, whose sharpness depends on the 
amplitude of the out-of-phase field. 

Out-of-phase fields in electrical prospecting may be due to a variety of 
causes. Currents traversing media of different conductivity, capacitance, 
and inductance, will be shifted in phase. Further, ground currents and 
electrode leads will induce out-of-phase currents in adjacent conductors. 

For two field components at an arbitrary angle with one another and 
with a phase shift of 90°, polarization conditions are the same as for two 
components at right angles to each other but with an arbitrary phase shift. 
Two adjacent currents with a phase shift of 90° produce a transverse com- 
ponent with a phase shift depending on the respective amplitudes of the 
currents. If the one component is X and the other transverse component 
isY, we have, therefore, for the general case of two out-of-phase components 
at right angles to each other: 

X = A sin (x)i 

Y = B sin {(at ~ (p), (10-24a) 


where co is the angular frequency and (p is the phase shift. Since sin cat = 
X/A, andY =B (sin cot cos (p — cos ut sin cp), Y becomes equal to 



Squaring both sides and dividing by gives 


Y' 2XY , Y' 

52 ~ + iTi = V- 

Dividing by sin'* <p, 

2XY co^ _ 

sin^ (p AB sin® <p A® sin® (p 


(10-246) 
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which has the form 

Lx^ + 2Mxy + N'lf = 1 (10~24c) 

and is the expression for an inclined ellipse whose major axis is tilted in 
reference to the x axis. In this equation, 

L = ^ • -Ms ^ . jj = ^ 

sin^ <p ’ AB sin^ <p^ sin^ (p ' 

If the phase shift is 90°, it is seen that the major axis of the ellipse coin- 
cides with the X axis, so that 

■ y 2 -^2 

4_ _ = 1 
A2 ^ ’ 


which is the standard form of the ellipse. To determine the angle 
of deviation of the ellipse (given by eq. [10-24c]) from the x axis, ro- 
tate the system of coordinates so that a; = a;i cos ^ — yi sin ^ and 
y =a:i sin ^ t/i cos V'- 
By substitution in (10-24c), 


xilL cos“ V' + N sin* ^ -f- 2M sin ^ cos 4'] ) 

-h2/?[Lsin*iA + N cos* ^ — 2M sin p cos , 

+ 2a:ij/i[(N — L) sin ^ cos ^ M(cos* ^ — sin* \;')] = 1., 


} (10-24e) 


In this new system an equation of the form of (10-24d) must obtain, 
and therefore the coefficient of 2xiyi must be zero. This leads to 


J. Of 2M 


( 10 - 24 /) 


By substituting forL, M, and N their, values given before, 

^tan2^=~^-, (10-24^) 

1 “ A 


which is the same as eq. (10-18d) given in connection with the discussion 
of the elliptical polarization of radio \vaves (there the tilt angle was 
measured from the Y and not from theX axis). 

The axes of the ellipse may be determined from eq. (10-24e) l)y casting 
it in the form of the standard ellipse as in eq. (10-24d). Designating the 
coefficient of xl by U and that of yl by Q, 

Ux? -h Qyl = 1, 


(lO-24/i) 
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where 


U s L cos^ ^ + N sin^ ^ + 2M sin ^ cos yf/ 
Q = L sin^ f + N cos^ ^{/ - 2M sia ^ cos f 
Fo’’ming the difference D, we have 

i) = U - Q = (L - N) cos 2^ + 2M sin : 
and substituting eq. (10-24/) we get 


(10-24t) 


. .. 2M 


H)’ 


and cos 2^ = ± 


N 


V4M2 + (L - N)2‘ 


The difference is 

D = U - Q = =tV4M^ + (L - mf- (10-25a) 


Since from eq. (10“24^) the sum U + Q = L + hi, ana u — y — ly, tne 
coefl&cients are XJ = (L + N + ■0)/2 and Q = (L + N — 2))/2. In the 
standard form of the ellipse, (XVA^ + Y^/B^ = 1), A is the major semiaxis 
and B the minor semiaxis. By comparison with eq. (10-24^) the squares 
of the semiaxes of the ellipse in the x'y' direction are = 1/U and 
= 1/Q, so that 


and 


L + N - V4M2 + (L - N)2 


L + N + Vm^ + (L - NY 




> (10-26&) 


The sign before the radical determines which is the major and which the 
minor axis. By substituting the values forL, M, and N from eq. (10-24c), 
the Square of either semiaxis is 


2A^B^ sin^ <p 

+ A' T V4A2B2 cos^ ^ + 


(10-25c) 


By substituting the ratio major axis/minor axis = a/b ^ r, and by further 
substituting the tilt angle relation given in eq. (10-24g), formula (10-18c) 
is obtained, allowing for the fact that the tilt angle is reckoned from the Y 
(vertical) component. 

Two fields 90° out of phase, forming an arbitraiy angle with each other 
likewise give rise to elliptical polarization. The theory is treated in sec- 
tion VIII (page 787), as it is of importance in electromagnetic and inductive 
electrical nrosnectine’ methods. 
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The amplitude variation of the electrical field in a horizontal plane, in 
the case of elliptical polarization, differs from that for D.C. which was 
previously represented by two circles (Fig. 10-33). Since elliptical polari- 
zation may be assumed to result from a combination of tw^o fields at right 
angles to each other, their combined amplitude variation follows from a 
superposition of two amplitude circles at right angles to each other. Since 
in each circle the amplitude variation is represented by a cosine law, the 
resultant amplitude in a line connecting the probes OA (in Fig. 10-36) is 

OA = \/a2 cos^ a + sin^ a. (I0“26a) 



Fig. 10 - 36 . Holations of amplitude, direction, phase, ellipse- and lemnisoate 
characteristics in A.C. potential fields (adapted from Ambronn). 


The phase d in th(^ line OA with respect to the j^hase in the direction of 
the major axis may b(' cakiiilated, though in practice the procedure is 
revers('d, since the plias(‘ difference' is measured and the characteristics of 
the elHpse are obtaiiu'd from it. Assuming th(' ellipse to be known, a 
tangent drawn from tlu' point A will give points F and B. The normal 
to the :r axis through F inUmsects a circle drawn about 0 with the radius a 
in the point C. Th(' direction of OC with respect to the x axis is the ])has(^ 
angle in the line OA. Tlu'se gcMimetric relations may bc' expressed by the 
following (equations : 

( 1 ) 


X = a cos d] 


( 2 ) 


jj ~ b sin 5. 
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Since the inclination of the tangent to the ellipse is given by tan (90 — a) = 

, we have 

y 

(3) tan« = ^,.|. 

Dividing eq. (2) by eq. (1) and substituting in (3), we obtain the following 
relation between the azimuth of the line and phase angle 


tan a = 

0 


(10-266) 


If we substitute eq. (10-266) in eq. (10-26a), the amplitude in the line OA 
as a function of phase angle and ellipse axes is 


oir 


^2 x2 

a 0 

W cos^ 5 + sin^ 5 * 


(10-26c) 


In the mapping of the A.C. ground-potential distribution, it is not 
customary to survey the ellipse and deduce the ratio of major and minor 
axes and ratio of in-phase and out-of-phase field components, as is done in 
the determination of propagation characteristics of radio waves. When 
elliptical polarization is noticeable, potentials are generally determined 
with a compensator which measures their amplitude and phase with ref- 
erence to those of the primary supply; or else the in-phase and quadrature 
potentials are determined, and equipotential lines are drawn separately 
for each. These procedures are discussed in the following section. 


C. Field Procedure; Equipment 

Direct or alternating current may be used for surveying equipotential 
lines. Direct current has the advantage that the equipotential points can 
be located with greater precision and that the galvanometer gives a clear 
indication of the direction in which to move the electrode. A disad- 
vantage is the neccvssity for porous pots and the interference from polariza- 
tion and other D.C. effects. Alternating current has the advantage of 
portability and convenience of the movable circuit, possibility of amplifica- 
tion of signals, and freedom from commercial current interference. Dis- 
advantages may arise from its use in highly conductive regions because 
out-of-phase components prevent a location of equipotential points. 

For mapping D.C. equipotential lines, a small D.C. generator (1 KVA, 
200 volts) driven by a gasoline engine (of ample power margin for higher 
altitudes) is generally employed. Current electrodes are iron pegs, coils 
of copper wire, or copper screens. Equipotential lines are traced with non- 
polarized electrodes connected by a wire to a galvanometer. The primary 
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electrodes are laid out up to a mile or more apart so that the equipotential 
lines over the section of ground under consideration will be approximately 
straight and parallel to one another. In the planning of the survey, the 
general geology of the region should be considered and electrodes should 
be so laid out that the equipotential lines will be at right angles to the 
strike. Modifications may be necessary to suit special conditions. For 
instance, for determining the outline of partly accessible ore bodies, the 
primary electrode may be connected to the ore hody thus making its outline 
an equipotential surface. In a similar technique one electrode is connected 
to a formation in a well so that its strike and dip near the surface is re- 
vealed by its equipotential pattern. Because of an increased conductivity 
in the direction of the bedding planes, equipotential lines surrounding one 
electrode in a stratified medium are elliptical, with the major axis in the 
direction of strike. 

It is possible to number equipotential surfaces and to determine their 
interval by the following arrangement: Near the primary electrodes two 
auxiliary electrodes are placed in the ground in such a manner that their 
potential difference is nearly the same as that between the primary elec- 
trodes. These are connected to the ends of a high resistance slide wire. 
To find the potential of a given point or line, the point or line is connected 
through a galvanometer to the sliding contact, which is changed in posi- 
tion until the galvanometer deflection vanishes. If the resistance on one 
side of the tap is Ri and on the other R2 , R1/R2 = V1/V2 , which may 
also be written Ri/{Ri + R2) = ^1/(71 + ^2), since both the total re- 
sistance and the total potential difference between the points A' and B' 
are known. 

For subtracting from the measured potentials the normal potential 
variation due to the primary electrodes, formula ( 10 - 21 a) is applied. 
Substituting, for the center line connecting the two electrodes, the value 
b for the base length and designating by x the distance of a point P from 
the center, the potential at that point is V — ztSx/(b^ — ix^), the sign 
depending on whether the point is closer to the left or right electrode. 

A.C. equipotential-line methods may be divided into two groups: 
( 1 ) methods applicable when elliptical polarization is negligible and ( 2 ) 
methods for the determination of potentials in respect to amplitude and 
phase (or by their in-phase and quadrature components). Point or line 
electrodes may be used; their arrangement is the same in both methods. 
Point electrodes should be laid out with their base line parallel to the 
supposed strike. Line electrodes are laid out at right angles to the strike 
and have the advantage that the ‘‘normaP’ equipotential lines are parallel 
with the primary electrodes; therefore, distortions are more readily inter- 
preted. Line electrodes are usually bare stranded copper wire and are 
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tacked to the ground at numerous points by steel pegs. In ore prospecting 
their distance is 2000 feet to a half mile and their length of the same order 
or greater. To cover large areas, the electrodes are leapfrogged, since too 
great a distance between electrodes reduces the distinctiveness of response. 

The normal field of line electrodes is no longer given by formula (10-21a) 
and may be derived as follows. With reference to Fig. 10-37 the potential 
at the point P is given by 




dy 


+ y^ 


dy \ 
Lii Vri + 2 /V’ 


where E is one half the potential difference between the electrodes. Hence, 

rr _ rr ih + V^i + nKh + + 

" ih + VrTTTi)a2 + v?;+t)rr 


On a line of symmetry where k = h ^ I, the potential is 


= 2E logc 


VP ± (a - 

(a — a;)(I + \/l^ {a 



Fig. 10-37. Line electrodes (adapted from 
Hein(‘). 


(10-27) 

The electrical (field and, therefore, 
the current density) is greater with 
line electrodes than it is with point 
electrodes. 

In most equipotential, electro- 
magnetic, and inductive surveys, 
portable gasoline-engine driven 
alternators of a frequency of 500 
to 1000 cycles are used, furnish- 
ing from 200-1000 KVA at 1 10 or 
220 volts. 

Tlie (equipment for surveying 
ecpiipotential lines consists of two 
search electrodes, an amplifita*, and 
head])hones when ont-of-phase 
fields are iH'gligible. It is supple- 
mented by more elaborate bridge 
arrang(‘m(‘nts when a (‘omplete 
determination of A.C, potentials in 
regard to phase and amplitude be- 
comes necessary. In many cases, 
even if out-of-pliaso fiedds exist, 
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the minima in the amplitude curve can be determined with sufficient 
accuracy for the mapping of equipotential lines. The search electrodes 
are usually copper-jacketed steel rods. For dry ground the Imperial Geo- 
physical Experimental Survey found a ^^self-watering’' electrode helpful.^® 
Almost any kind of a two- or three-stage amplifier may be used for equi- 
potential-line surveying, provided that it is light, small, and does not 
depend on storage batteries for filament supply. Circuit diagrams and 
descriptions will be found in the reports published by the I.G.E.S. In 
conducting equipotential-line surveys, several parties may work concur- 
rently. At least two parties can work in two sections of the area covered 
by one electrode layout and more can be kept busy with two or more 
simultaneous electrode arrangements, which may in many cases be sup- 
plied from the same power source. Two men are required to map equi- 
potential lines, which should be marked with stakes and be surveyed 
with a compass (in areas where large declination anomalies are absent) 
and a 100 -foot tape. 

More quantitative surveys of the potential field require A.C. bridge 
arrangements. With one of these the voltage ratio and phase difference 
of adjacent portions of ground are measured. Details are given in sec- 
tion VI. Another type makes possible a determination of complex poten- 
tials in reference to the potential and phase of the generator; it therefore 
requires a ‘Reference” lead from the bridge to the generator. The voltage 
difference and its phase, are measured directly or the potential is split up 
into its in-phase and quadrature components; thus, in-phase and quadra- 
ture equipotential lines may be mapped. In the compensator illustrated 
in Fig. 10-38, the gc^nerator is coupled through a power transformer to the 
primary electrodes and through a phase transformer to the reference lead. 
The reference voltage is then supplied to the four coils of a variometer in 
such a manner that two of them (Vi and V 2 ) are provided with current 
in phase with the gem'rator current whereas the other pair (F 3 and F 4 ), 
coupled to th(‘ refercuieci lead through an air-core transformer, receive 
current in quadrature. The resultant field is picked up by the secondary 
coil of the variometer whose position determines the phase of the reference 
voltage that is tak(‘n off on the terminals of the potentiometer P. No 
sound will be licnird in the headphones if the ground potential is com- 
pensated, in r(.*gard to amplitude (potentiometer adjustment) and phase 
(varionuter adjust iiKsii) by th(‘ reference pot(mtial. If this compc'usator 
is us(‘d for tlu* (khcu’iniiiat ion of (dectromagiietic fields in ndereuce to am- 
])litude and phase' of tlu' ge'iu'rator potenitial, a .search (*oil is substituted 
for the ground ])rob('s. Data obtained with this compensator may b(‘ 


Sec Edge and Laby, op. cil., p. 265, Fig. 197. 
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represented by lines of equal potential, by equiphase lines, or by in-phase 
and quadrature equipotential lines. 

The compensator shown in Fig. 10-39 permits of determining the real 
and imaginary components directly. The generator side is connected, as 
before, to the reference lead; the reference voltage is split up into its com- 



Fig. 10-38. Arrangement for determining amplitude and phase of ground poten- 
tials (adapted from Ludwiger). PH, phase transformer; G, ground transformer; 
A, amplifier; T, air-core transformer; P, potentiometer; Vi-i variometer coils. 



Prfmanj EI$cftodes 



Search EUcfradis 


Fig. 10-39. Bridge arrangement for determining in-phase and quadrature potentials 

(adapted from D. C. Gall). 


ponents which are applied to the in-phase potentiometer P and quadrature 
potentiometer Q. These are connected to the search electrodes through 
two switches, which permit of changing the sign of the reference 
components. Current null is determined by a differential transformer, D, 
connected to an amplifier, A, 
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D. Interpeetation* 


The interpretation of an equipotentiaHine survey is empirical and is 
based largely on previous experience with the method as well as on a satis- 
factory knowledge of the geological features of the area under consideration. 
Owing to its speed, this method is of value for general reconnaissance. 
However, it is advisable to re-examine conductive zones thus located with 
other electrical methods. In many cases it is relatively simple to make a 
general qualitative interpretation of an equipotential-line survey by mark- 
ing off the axes of the conductive zones indicated by the greatest line 
distortions. 

1. Equipotential-line anomalies of simple geometric bodies. Depth esti- 
mates are sometimes possible by measuring the displacement of the equi- 
potential lines from their normal position. What may be expected in the 
way of displacement may be calculated by assuming, for simplicity, that a 
subsurface body has the shape of a sphere and is traversed (in the x 
direction) by a current paralleled to the earth^s surface, so that it is equiva- 
lent to a horizontally polarized doublet. In eq. (10-19a) the potential of 
a charged sphere at a surface point P was given as Hi = m cos d/r^j in 
which the electrical moment is proportional to the electrical field E so that 
m ^ pE and — F 2 = pE cos 9/t^, Since the undisturbed potential at the 
point P is —xEj the resultant total surface potential is 

7 , = - rE cos e - ^ . (10-28a) 

^2 


The value of the factor p may be determined from the boundary conditions 
at the surface of the sphere, where the current densities (p 2 = resistivity 
of the sphere, pi = resistivity of the surrounding medium) are given by 


I dVr^l dV^ 
pi dR p2 dR * 


(10-286) 


Since it follows from eq. (10-28a) that at the surface of the sphere (r = R) 


— Hr = E cos 0 




(10-28c) 


substitution of eqs. (10-28a) and (10-28c) in (10-286) gives 


2p2 4" Pi 


Substituting this in eq. (10-28a), 


Hr = — ipi X 



P2 — Pi ^ 

2p2 + pi / 


(10-28d) 


(10-28e) 
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with X = r cos andE = ipi , If the resistivity ratio k = pi/p 2 , the factor 


P2 — Pi _ — 1 

2p2 + Pi k 


(10-28/) 


expresses the effect of good or poor conductors imbedded in another medium 
on the surface potential (see Fig. 10-40). A ‘^saturation effect’’ occurs 
since, for poor conductors, one-half of the maximum effect is reached for a 
(inverse) conductivity ratio of 2.5, whereas for good conductors one-half 
of the maximum effect occurs already at a ratio of 4. 





Fig. 10-40. Saturation effect in potential methods, for poor and good (approximately 

spherical) conductors. 

These relations hold for spherical or nearly spherical bodies. For elon- 
gated bodies the effect depends essentially on the extent of the body in the 
direction of current flow compared with the extent at right angl(\s thereto. 
For elliptical bodies of various ratios of major/minor axis (« = a/b) 
traversed liy current in the direction of the major axis, Hiimmel“''^ has 
calculated the ratio of current density in the body to that, in undisturbed 
ground (Fig. ](}-41). Only in a body which is very extended in the direc- 
tion of current is tlu' current dtuisity ratio (‘qual to tlie resistivity ratio. 

It is noted in eq. (l()-28c) that the anomalous potential of a sphere is 
inversel}^ proportional to th(‘ cube of its distance, and that it increases in 

“'M. N. Hummel, Zeit. Geophys., 4 ( 2 ), 73 (1928). 
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proportion to its volume. The second derivative of the potential with 
respect to x indicates that the current density is a minimum directly over 
the sphere and that a maximum occurs at rr == ±:1.22A, (where h is the 
depth to the center of the sphere). If the sphere were not present, the 
equipotential lines would be parallel to one another (for line electrodes). 
The potential of a line at a distance x' would be —Ex'. With the sphere, 
the line is shifted to a position x with the potential given by eq. (10-28e), 
so that 

x' — X ^ Ax ^ c • (10-29) 



Fig. 10-41. Current densities in conductors of various relative dimensions (e = 
axis ratio) as functions of resistivity ratio (adapted from Hummel). 

By differentiation of this expression with respect to x it can be shown that 
the maximum displacement of the equipotential lines occurs at a dis- 
tance X = 0.707A. 

The effect of other bodies on tho distribution of equipotential lines may 
be calculated if they are of simple geometric shape.^^ However, in most 
cases, it is mon^ convenient to determine the effects of such bodies by 
model experiments as discussed below. 

2. Equipotenlial-line anomalies in stratified ground. Horizontally strati- 
fied formations do not permit the application of equipotcntial-line methods. 
Other potential mcdJiods must be used, the most important ones being the 
resistivity and potential-drop--ratio methods discussed in sections v and vi. 


30 See J. N. Hummel, Zeit. Geophvs., 4(2) 67-75 (1928); Gcrl. Beitr., 21(2/3), 
;204-214 (1929). 
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However, in the case of dipping formations, equipotential-line surveys can 
give useful information on dip and strike because of the electrical ani- 
sotropy of stratified media, Schlumberger has designated the ratio of the 
transverse and longitudinal resistivities as ^^anisotropy coefficient.” For 
vertically stratified ground, the influence of anisotropy on the shape of 
the equipotential lines is most noticeable. The equipotential surfaces are 
no longer spherical about one electrode but are ellipsoids of revolution with 
the major axis in the direction of stratification. In plan view the trace 
of the equipotential surface will likewise be an ellipse, with the major 
axis in the direction of strike. The ratio of the axes is proportional to the 
ratio of the square roots of the conductivity in the direction of strike and 
that at right angles to the strike. 

When stratified ground is covered with glacial drift or other uncon- 
formable layers, it is necessary that the equipotential surfaces reach deeply 
into the stratified portion to make the deformations detectable. Hence, 
large equipotential ellipses whose minor axes are at least twice as great as 
the assumed cover thickness should be traced. Dips may also be deter- 
mined directly from the displacement of the ellipses if contact can be made 
underground with the formation under test. 

There occurs a refraction of the equipotential surfaces on formation 
boundaries. If a given line approaches the boundary in a medium with 
the resistivity p by the angle a, and if it is refracted into the second medium 
(resistivity p') by the angle a', the relation obtains: 

p tan Qj = p' tan a'. (10-30) 

The maximum refraction is obtained if the bisecting direction makes an 
angle of 45° with the formation boundary. Hence, it is advantageous to 
lay out the electrode basis at an angle of 45° with the boundary to be 
located. 

3. In virtually all electrical methods, model experiments play an im- 
portant part because of difficulties encountered in the calculation of the 
electrical anomalies of geologic bodies. These experiments are made on a 
small scale in the laboratory where it is possible to simulate a number of 
conditions difficult of evaluation, such as topography, irregular shape of 
the ore body, and so on. In duplicating actual conditions on a small scale 
it is necessary to pay close attention to the fundamental equations con- 
trolling the electrical anomalies of subsurface bodies, since it may be 
necessary to change the conductivity scale when the geometric scale is 
changed. In accordance with formula (10-28e), the potential of a sphere 
depends on the relative dimensions and on the conductivity ratio in refer- 
ence to that of the country rock. Hence, if both are duplicated in the 
laboratory, the observed potential anomalies may be expected to be dupli- 
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cates of those occurring in nature. Model experiments with equipotential 
lines and potential profiles are usually made in tanks filled with a weakly 
electrolytic solution. Model ore bodies are generally made of some readily 
available metal. Fujita®' used a vacuum tube oscillator, line electrodes of 
bare copper wire, a copper sulfate solution (33 mg copper per 100 cm®), 
and phones (no amplifier). The secondary electrodes were made of glasg 
tubes filled with mercury in which a coiled platinum wire was immersed 
and made contact with the surface of the solution. The model ore body 
consisted of a copper sheet 5 mm thick and 100 mm square. 

Fujita’s results may be summarized as follows; (1) The field between 
the line electrodes was uniform only in the central third portion. (2) For 
a conductive body the maximum distortion was observed when its strike 
was at right angles to the electrodes. (3) For a nonconductive body the 
maximum distortion resulted when its strike was parallel with the line 
electrodes. (4) The dip of a model ore body could be determined from 
the difference in the disturbed area on either side of the suboutcrop. 
(5) The position most favorable for indications was in the center between 
the electrodes. (6) The greatest area of distortion was obtained when the 
length of the line electrodes was five times the length of the ore body and 
their distance three times. (7) The depth reached increased in direct 
proportion to the length of the ore body, the detectable depth being about 
63 per cent of the length. (8) Thickness of an ore body was effective only 
up to a certain point; a saturation effect was soon reached. (9) Detecta- 
bility iiicrea.sed distinctly with dip. 

Considerable experimental work on model ore bodies has been done by 
Lundberg and Sundberg.'*" Fig. 10-42 shows equipotential lines as traced 
by the ordinary method (phones), in contrast with the in-phase equipo- 
tential lines located with a compensator. Out-of-phase equipotential lines 
appear to be of e(iual diagnostic value, as shown by Gall®® in some model 
experiments (where, however, the out-of-phase potentials were introduced 
artificially by feeding an out-of-phase current into the arrangement at 
right angles to tlu; main current). 

4. DialarluinK of cqidpolenlial lines due to power leads. Generator leads 
often ean.se induction currents which are 90° out of phase with respect to 
the currents [)ro(luced by contact. These induction currents deflect the 
equipotential lines from their regular position, and elliptical polarization 
occurs. Hinee it is not pos.sil)lc to apply a correction for the effect of the 
cables (in the ordinary procedure of mapping with amplifier and phones), 
the leads are geinu-ally so laid out that the interference is at a minimum. 

31 Proe. World Eng. Congr, (Tokio, 1929), Part 5, Paper No. 436, pp. 143-281. 

33 Heitr, angow. Geophys,, 1(3), 298-361 (1931).. 

33 J. Sci. Instr., 8(10), 311 (Oct., 1931). 
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When complete observations are made by resolving the potential into its 
in-phase and out-of-phase components, the effect of the leads is readily 
recognized and may be separated from the in-phase anomalies. As a 
matter of fact, the out-of-phase potentials near the cable may be of great 
diagnostic value (see page 801). 

5. Effect of to'pography. Barring the existence of highly conductive 
layers of irregular composition or thickness near the surface, the inter- 
pretation of equipotential line surveys in level terrain is generally not too 
difficult. However, with the exception of northern glaciated countries 
such as Canada or Sweden, ore prospecting work is usually carried on in 
mountainous areas where considerable interference may refsult from 
changes in topographic conditions. 


Depth 



Fig. 10-42. Potential anomalies on model ore bodies (after Sundborg). Solid 
lines: equipotential lines, traced by phones. b)otted lines: in-phase equipotential 
lines, constructed from amplitude and phase measurements. 

Topography is, first., of geometric infliience. If a line cjoniiectiug tlui 
two electrodes is not parallel with the surface, the ore bodies arc not 
located vertically below their surface indications but ar(‘ on a normal to the 
line connecting the electrodes.'^'^ The second effect of toi)()graphy is of an 
electrical nature. The earth’s surfaces rcprescnits t he boundary Ix^t wc'cn 
a conductive and a non conductive medium; h(‘nc(‘, th(^ current liiK‘s, 
tending to follow tlie surface of the conductive mc'diiiin will rofh^ct, in 
vertical section, the contours of the surface, and thf' (apiipotcnitial liiu's 
will show corresponding distortions. 

To correct for topography by analytical iinddiods is not practicable. 
The usual procedure is to plot topographic contours, together with equi- 
potential lines, and to eliminate from consideration (iquipotential lines 

34 w. Heine, Elehtrische Bodenforschung, p. 107, Fig. 53 (1028), 
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tending at right angles to the topographic contours (see Fig. 10-43). 
Where this would involve discarding an entire survey, the only procedure 
left is a model experiment. Notwithstanding the marked effects of topo- 
graphic irregularities, it is observed in most applications of the equipo- 
tential line method that irregularities in surface geological features are of 
remarkably little effect. The only exceptions appear to be areas where 
highly saline beds occur at or near the surface. 



Kro. UMS. line survey in which most distortions are caused by 

topography (after Heine). 

E. Discussion of Results 

h]quipol(‘ntial-linf* and pot(!nlial-profilo methods have been applied to 
(1) location of on*, (2) structural studies, and (3) military and civil engi- 
neering probhnns. 

1. Ore luealiofL Prol)al)ly the most extensive work with equipotential- 
liiK* and potiuit ial-profih* methods has been done in the Skollefte district 
ill nort h(‘rn Sw(‘fl(*n. Close* to I2(J scpiare mihis have been surveyed there 
systematically with (*l(‘ctri(*.al m(‘tbods and more than twenty ore fields 
hav(‘ found. Conditions for (dcctrical prospecting are exceedingly 

favorabh' })(‘caus(* of a comparativ(‘ly shallow blanket of glacial moraine 
and fr<*{|u<‘nt ori* indi(*at ions in tlu* form of ore boulders aud float. Al- 
though th(‘Sf‘ liad l)('(‘n known for C(‘ntinl(\s, it was not until 1918 that 
syst(*mati(' (‘h‘(‘trical })rosp(‘Cting was starh^d. 

Th(* oiY's in tin* Sk(*lleft(‘ distric't occur in a leptite formation which 
cornssponds in ag(‘ to tlif* Keewatin. It consists largely of volcanic rocks 
which AV(‘r(‘ intrufled, in Archean tim(^s, by largo bodies of granite; this led 
to consid(‘rabl(‘ met asoinatic alteration and to deposition of ore. The 
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more important ores occur in the form of large lenses in the leptite forma- 
tion. Others, likewise in the form of lenses, are found in black slates. 

The ore contains pyrite, 
chalcopyrite, pyrrhotite, ar- 
senopyrite, and gold. The 
ore bodies are from 40 to 
g 600 m long, from 5 to 30 m 
^ wide, and are covered by 
glacial moraine which has 
an average thickness of 7 
to 8 m. 

g The more important ore 
'S discoveries resulting from 
^ the application of equipo- 
tential-line methods were at 
-aj Kristineberg, Bjurfors, and 
g Bjurliden. (The Boliden 
® gold and arsenic deposit 
J was located largely by elec- 
S tromagnetic methods and is 
discussed in that connec- 
tion.) The equipotential 
survey in the Kristineberg 
field is illustrated in Fig. 
10-44. Intervals between 
the primary electrodes were 
of the order of 150 to 200 m. 
Ore boulders had been 
found early in this field, and 
numerous test pits and 
'3 trenches had lieen sunk. 
K The distribution of these 
boulders first gave rise to 
o the assumption that the 
o strike of the deposits was 
^ north-south but no ore was 
found by these prospecting 
activities. An equij)ot(ui- 
tial-line survey was mad(i 
in 1918, and in the same year two important ore bodies W('re located. 
By 1919 the entire field had been outlined. Out of eight prospt^cting 
trenches dug to test the indications, five encountered ore. The ore 
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bodies averaged 6 to 7 rn in widtii and contained from 70 to 80 per cent 
ore. 

The field at Bjurfors has had a similar history. At first much trenching 
was done because of the abundance of ore boulders in the area, but no 
ore was found. The equipotential-line survey, started in 1918, was at 
first unsuccessful. The work was taken up again in 1922 when a party 
consisting of both geologists and geophysicists made a detailed survey of 
the area and located some strong equipotential-line distortions. The indi- 
cations were confirmed by diamond drilling, and commercial mineraliza- 
tion was encountered in the eastern and central portions of the field. In 
the eastern part the ores were about 5 to 9 m deep while in the western 
portion the ores ran from 16 to 20 m in depth. 

East of Bjurfors an extended zone more than 3 km long and over 1 km 
wide was surveyed in order to locate more ore bodies in the direction of 
strike. Numerous very distinct indications were obtained, some of them 
accompanied by magnetic effects. The presence of wet- gravels in this 
area made trenching difficult, and exploration by drilling proved these 
indications to be largely due to graphitic and pyritic slates and noncom- 
mercial mineral impregnations. This survey is an example of extensive 
and distinct indications which are not due to commercial ore. In cases 
of this kind only repeat measurements with other electrical and magnetic 
methods, accompanied by as much geological mapping as applicable, will 
lead to correct interpretations. 

In the glaciated areas of the northern United States and particularly in 
Canada, where conditions are very similar to those in Sweden, the equi- 
potential-line methods have been applied successfully. In Newfoundland 
an extensive cquipotential survey was made covering an area about 2 miles 
long and 1 mile wide, following the location of lead-zinc ore at the Buchans 
mine in the center of the area. The ore, consisting of lead-zinc copper 
sulfides in a baryte gangue, occurs in lenticular masses in bedded tuffs 
and porphyritic lava flows of Archean age. The thickness of the glacial 
overburden varies from a very few to 60 feet. East of the Buchans mine 
large indications were found at Oriental; two of these were drilled and 
found to be high grade lead-zinc ore. West of the Buchans mine a large 
area of indications was encountered and was confirmed by a number of 
trenches. Subsequent drilling and underground work has indicated more 
than 3 million tons of high-grade ore. A number of equipotential surveys 
for ore exploration were made by Edge and Laby^^ in the eastern part of 
Australia (Quemisland, New South Wales, Victoria, and Tasmania). 


■ Op. cil., pp. 75, 78, 83, 85, 86, 92, 122, 123, 124, 129, 132. 
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/l9riz»nM Jurmst/c Cwer 



Fig. 10-45. Determiiuition of strike of steeply 
dipping shale beds in Kormandy, France (after 
Sehlumberger), 


Following his model 
expeiiments with equi- 
potential-line methods , 
Fnjita conducted exten- 
sive studies of the poten- 
tial distribution on the 
Suwa mine, 100 miles 
northeast of Tokyo. This 
mine is operating a large 
vein of cupriferous pyrite 
in schists on six levels at 
100-foot intervals to a 
depth of 700 feet below 
the surface. The experi- 
ments were chiefly con- 
cerned with various ar- 
rangements of the line 
electrodes and attempts 
lo derive the dip of the 
ore body (70^^) from the 
relative disposition of the 
anomalous areas. 


2. Structural studies. Eciuipotential-line 
studies have been applied to structural 
problems for determining strike of for- 
mations under over-burden. Fig. 10- 
45 shows elliptical equipotential surfaces 
on dipping Silurian shales, interbedded 
between Armorican and May sandstones, 
and covered by Jurassic beds 200 to 
300 feet thick. This survey was made 
to determine strike and to trace a sided te 
deposit on the footwall of the Silurian 
shales. 

3. Military applications. The equipo- 
tential-line method may be useful for the 
location of iron and steel objects in civil 
and military engineering problems. Pig. 
10-46 shows an application of this 
kind to the location of a buried ammuni- 
tion magazine whose depth was about five 
feet. 



Fia. 10-46. Location of a 
buried ainmiinitioni magazine by 
equipotential methods (after 
Ebert). 
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V. RESISriTITY METHODS 

A. Gestekal 

The equipotential-line methods discussed in the preceding section are 
best suited to the location of laterally limited geologic bodies, that is, 
bodies with vertical or nearly vertical boundaries. If they are used on 
horizontally stratified ground, only the spacing, but not the direction of 
the lines, is affected. To determine differences in spacing, potential gra- 
dients must he measured, that is, potential differences must be determined 
at no less than two points. If such measurements are supplemented by 
observations of current in the circuit, they are referred to as resistivity 
methods because (as .stated on page 644) current measurements at two points 



Pig. 10-47. LiiKis of current flow in layered section. (Conductivity of lower medium 
is fifty times greirter than that of upper.) (After W. Weaver.) 

and potential meaHuremeiits at two others will give the resistivity of bodies 
of almost any shape. 

Tlio effect of vertical changes in conductivity on surface potentials is 
illustrated in Figs. l()“47 and 10-48. The more eouduetive lower medium 
(Fig. 10-47) results in an attraction of the current lines toward it. The 
current density in the upper medium is less than in the lower. Since the 
eciuipotcntial lines are at right angles to the current lines, their spacing, 
and henc(' the potential gradient, is likewise affected by the presence of 
layers of diffeuMit conductivity. As shown in Fig. 10-48, the effect on the 
gradient \uiries with tli(^ conductivity, hut it does not vary uniformly as 
far as conduedivity ratio is concerned. The effect of a layer a hundred 
times as condiictiv(?‘ as the surface layer is only about twiof^ as miicli as 
+hat of a layer five times as conductive {saturation effect). 

Measurements of potential differences in the vicinity of one power elec- 
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trode, or betweea two power electrodes, can therefore give information 
in respect to the presence of subsurface formations of different conduc- 
tivities. Vhen these measurements are supplemented by measurements 
of current, it is possible to determine the resistance of the circuit. By 
applying a factor depending on the spacing of the electrodes, the ground 
resistivity can be obtained. This is a true resistivity only if the medium 
is homogeneous; if layers of different conductivities are present, it is an 
apparent resistivity. It is customary to calculate the apparent resistivity 
by the same formula that applies to homogeneous ground. 

The depth to which the resistivity is measured can be controlled by 
var3dng the spacing between the electrodes. This gives rise to two appli- 



Fig. 10“48. Potential variations near electrode (outside and inside spread) for layers 
of different conductivity, at 40 feet depth (after W. Weaver). 

cations of the method. In the first, the spacing is kept constant and the 
arrangement as a whole is moved over the ground (resistivity mapping). 
Ill the second, measurements are made at one location which is the center 
of the measuring arrangement. From this center the spacing of the elec- 
trodes is gradually increased. Thus, the depth penetration is increased 
and the apparent resistivity is obtained as a function of depth (vertical 
electrical drilling). 

While four equally spaced electrodes are the arrangement most gen- 
erally used, other arrangements can be and have been applied. A deriva- 
tion of the formulas for the more common arrangements is given in the 
next article. 
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B. Elbcteodij Aeranoements 

If, at the surface of the (homogeneous and isotropic) ground of the 
conductivity c, an electric current I is introduced hy means of tv'o point 
electrodes, A and B, and if the current flows from A to B, the potential 

at any point P on the surface is Vp = — Ijri), where n and 

are the distances of a point P from the electrodes A and B, respectively. 
The potential difference between two points P and B, which have the dis- 
tances n, Vi, and El and Ea , respectively, from the electrodes is 


Hence, the resistivity 
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(10-31&) 


This equation holds for any position of the current electrodes A and B 
and the search electrodes P and R, and does not change when current and 
potential electrodes are interchanged. Differences in the position of the 
search electrodes v^ith respect to the current electrodes give rise to various 
resistivity methods. By selecting definite dispositions, it is possible to 
simplify the field procedure or to give the expression for resistivity a form 
that will simplify the interpretation of the results. 

Seven different electrode systems are discussed below. They may be 
classified as follows: 


Group I 

Electrode Arrangements with Finite Distance of Power Electrodes 


1 

‘ 2 

3 

4 

Symmetrical Wen- 

Lee partitioning 

Asymmetrical 

Asymmetrical 

ner-Gish-Rooney 

method 

double probe 

single probe 

method (four ter- 
minal) 


method 

method 


Growp II 

Measurements Ts^car One Power Electrode; Second Power Electrode in Infinity 


Double equidistant probe Double probe method with| Single probe method 
method unequal probe spacing 
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1. In the W enner-Guh-Roomy ^mthcd the two potential electrodes are 
placed on a line with the two current electrodes, so that all four electrodes 
are situated at equal distances from one another. With a as the distance 
between the electrodes, ri == R 2 = a and and Ri = 2a. Then the 
expression for the resistivity, from eq. (10-315) is 

P = 2toJ. ClO-31c) 

2. In the Lee partitionitig method an additional potential electrode is 
provided halfway between P and R. Two potential measurements are 
made, one for the left and another for the right interval. With vt ~ a, 
rs = 2a, Ri == fa, and R 2 == the resistivity 

p = 47ra , ( 10—3 Id) 


where Vpc = Vpr is the potential difference between the center stake 
and the adjacent potential stake. 

3. The asymTnetncal double probe method is an arrangement with the two ’ 
potential probes placed at equal intervals from one power electrode but 
unsymmetrically placed in respect to the center. If Z is the distance 
between the current electrodes and a the potential-electrode interval, 
= a, 7-2 = Z — a, Ri = 2a, and R 2 == i — 2a, and the resistivity 


V 2a(l - a){l - 2a) 
1 (Z ~ 2aY -I- al 


(10-3U) 


Eq. (10-31e) gives the Wenner formula when I = 3a. 

4. The asymmetrical single probe Tnethod results from the last by leaving 
out one potential electrode and measuring the potential of the remaining 
electrode against that of the next power electrode. Then ri = 0, r 2 = Z, 
Ri = a, and Ro = Z — a, so that with Ve a.s half the potential difference 
between the power electrodes 


P 


(Ve - V) a{l - a) 

I ’ (I - 2a) ‘ 


(10-31/) 


5. The double equidistant probe ‘method is a modification of arrangoinent 3, 
with the second power electrode far removed. With Vi — a, — oc, 
Ri = 2a, and R 2 = '-c , 

p = 4Ta j . (10-31^f) 


0. The double probe method with unequal probe spacing differs from the 
last by an unequal probe spacing and is generally used with a potential 
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profile at right angles to the power electrode base. If ri = a is the dis- 
tance to the first potential electrode and Hi = & the distance to the 
second one, and Rs = rs = =o, 


2ir<i6 V 
(b - a)' I ' 


(10-3U) 


7. The single frohe method eoiTesponds to arrangement 4, with one 
power electrode in infinity. Since n = 0, ?-2 = w, Ri = a, and Hs = oo , 

p = 2x0 — ~ . ( 10-310 


Arrangement 1 is most frequently employed, for both vertical electrical 
drilling and resistivity mappiag. Next in order is probably 2, then fol- 
lows 4. Arrangements 5 and 6 are con- 
venient for vertical electrical drilling and 
are used in the potential-drop-ratio proce- 
dures with one additional potential elec- 
trode. Arrangement 5 is also applied in 
eleetncal logging. 

C. PoTEN’TiA.L Functions for Layered 
Media 

1 , Gefieral.^^ If a difference in resistivity 
exists on a formation boundary (see Fig. 

10-49) its effect may be represented by ^ ^ . 

placing a plate with defiiute transmission ,,<,uadary betireen two media 
and reflection characteristics in the boun- of different resistivity, 
clary. Assume a source at JP above the 

plate. Considering the phenomenon for the moinent as one of light 
transmission, an observer at A facing the plate would see the point P 
by looking at its image I. The light at A would be that received di- 
rectly from F plus the amount reflected by the plate and appearing to 
come from the image /. If the dimming of the apparent source at I, 
due to reflection, bo indicated by a factor k, the light and by analogy 
the potential at A is equal to its amount at the source diminished by 
the geometric effect of distance (1/r) plus the amount reflected, so that 





eii (1 -h -V 

4n \ri rs/ ' 


(l()-32(j) 


36 Poi* inoro rigorous disruissiiai of tlie theory oi iirurjiiea than, the out' gi\'en 
here to illustrate moroly its elements, see J . H. Jctins, Mathematical i heon/ oj }Aec- 
tricitij and Maanetism, 4th ed., Cambridge U. Press, 1923, pii. 200-201. 
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An observer facing the plate at B sees the source P at an intensity 
reduced by transmission through the plate. The amount transmitted is 
the original intensity minus the amount lost through reflection, which in 
turn is proportional to k times the original intensity. Therefore, the light 
and by analogy the potential at B is 


= -K). 


(10-326) 


Continuity of the potential requires that iu the boundary plane where 


ri = Ti = ra , Y a and Vs be equal, so that ^ (1 + A) = ^ (1 k) 


pd 


iirr 


^'TT 


Hence, 

so that in eq. (10-32b) 
l-k=- 


k = 


P2 ~~~ Pi 
P2 + Pl^ 


(10-32o) 


2pi 

P2 + Pi 


and 1 +- k 


(10-32d) 



2p2 

P2 + Pi 

The factor k expresses the 
^^electrification^^ of a plane be- 
tween two media of different 
resistivities due to a point 
source and its image. The 
application of this principle is 
illustrated by a calculation of 
the potential distribution re- 
sulting from two current elec- 
trodes near the ground surface, 
corresponding to a Wenner- 
Gish-Rooney arrange men t 
with buried electrodes (Fig. 
10-50). If the point A is considered as current source (/) and B 
as the corresponding '^sinL’’ (—7), the potential distribution at the 
surface is obtained by considering the effects of both sources, A and B, 
and their images, A' and B'. The intensities of the images are lAI and 
“A'J, respectively. Applying eq. (10-32(?), k' is seen to be equal to 1, 
since P 2 = ^ (air). Hence, the images have the strength i and respec- 
tively. The potential difference between P and Q due to a source 7 

at A is AT = '^ a-i^d that due to an image 1 at A' is 

p 7 7 1 1 

ir \ 4'P ~ A^Q relations apply to the potential difference at 


Fig. 10-50. Four points and images on 
boundary. 
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the same points resttlting from the source at B and its image at B'. If 
the electrodes are at equal intervals a in a straight line and at a depth 6 
below the surface, the potential difference is 




Fig. 10-51. Image distribution in two-layer potential problem. 


When q is large (depth great compared with the electrode separation), 
= pj f4Tra (potential for an infinite homogeneous medium). When 
g = 0 (electrodes on ground surface), AF = pil J2ira (potential for the 
semi-infinite medium). 

2. Two horizontal layers. Assume two semi-infinite media with resis- 
tivities Pi and p 2 , as in Fig. 10-51. The upper layer is bounded by air 
(resistivity po = li current is supplied at two points, 0 and 0 , 

the potential distribution at the surface can he calculated by considering 
a source J at 0, a sink —I at O', and the images of this source and sink 
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that are produced by reflection on the formation boundary and the earth’s 
surface. The source I is reflected at the formation boundary and produces 
the image kl. The value of k is given by eq. (10-32c) and is equal to 
(p 2 — pi) I {pa 4- Pi), since it applies to the formation boundary (p 2 pi) ■ The 
image h = kl is now reflected at the earth’s surface and produces the 
image I'l = k'kl above. In this case k' as applied to the boundary 
between the upper medium and air is 1, since po = “ - Hence, the image 
l[ = kl. The potential at any surface point will therefore result from 
a summation of an infinite series of images. Thus, h = bJ at a depth 2h ; 
l[ = H at a height 2h] h = k^I at a depth 4h; I'i ~ k^I at a height 4A; 
so that at a depth 2a}i, and I'a = 7c°-I at a height 2nfe. Since 

1b. = I'n , Ifi + I'-a = 2fc“I, and the potential at any point on the surface is 


V = 


A f - 4- 

2a- Lr r„ J ■ 


(10-34) 


The potential at a point A due to a source I at 0 and its series of 
images is therefore 


Vao = 


iji r 1 , 2 V _ 

L Vr; -b y\ + (2nh)^. 


(10-35a) 


and the potential due to an equal sink at O' at the same point is 




iji 1 ^ , "v fc! 

2t L + y\ V (I - x^y A-ylA- {2nhf. 


(10-35!)) 


Avhere I is the distance between the electrodes so that the resulting po- 
tential is 




+2i; 


fc" 


+ (I— xif + y\ V'.'Ci -\-y\-\- {2nh) 


2Z 


-. 1 . 


(l0-36a) 


n=i Va - H- ( 2 nh?J' J 

Similarly for another point B{xiy^, 


Stt L V x\ -h yl V(Z — 0:2)^ + yl 




_i_2 y; 

n==o 7.n 

_ 2 y --- - 

{I — .'Pg)*" "f“ yt Hh (20/2-)^ 


(lO-ddb) 
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7a - = 


Jpif 1 ^ 

2x + yl V {I - XiY + yl 


+ 2 53 


a=l V^Xi + 2/i + (2iiA)^ 


2S 


+ 


a=i ^ ( 2 n/i)“ A/a:2 -h 2/2] 

1 _ 


-2E 


n/ ( f — JJs)" + 2/1 ““i "V^ ^2 -i- 2/1 + (2iife)^ 


+ 2 E 


ii“i 0 — ^ 2 )^ + 2/2 + (2n/2-) 




From this general formula the potential difference between any two points 
may be determined.*^ 

For the electrode arrangement in the Wenner-Gish-Rooney method, 
= a, Vi = 0, X 2 — 2a, ^2 = 0, J = 3a, so that 


Va - V, 






2Tr \_a 2a ^ Va^ -h (.2nh)^ 

a=oo Zf.a 1 1 

_ -) V - - _ 1. j- i 

" V(2ay 7 i2ahy 2a ^ a 


2E-: 


V(2a)2 + (2aA)2 + ^ S Va^ + (2n/i) 




rJ’ 


Fa - 7« = 


27ra 


+ 4E - 


fc” 


i/l + 


(¥'T 






4 + 


Fa - ^ 


/2^Y 

t «VJ 

(10-376) 


The quantity pi(l T“ tF) i^s an apparent resistivity. It A* — 0 (homogi' 
neous ground) tho formula bocoines Va — Vn = Ip\/2t(l H(^n(‘C‘ the 


*^See J. K. Hummel, .V.I.M.E. Tech. Piibl. No. 418. 
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ratio of apparent resistiyity, ps , and true resistivity, pi , is 


Pi 


1 + 4 X) 



- 4 


(10-38) 


where u = c/h, the ratio of electrode separation and depth. 


A 

A 



Fig. 10-62. Apparent resistivity ratio as a function of electrode separation in terms 
of depth, for various true resistiv'ity ratios (after Hummel). 

Fig. 10-52 shows the ratio of apparent and top-layer resistivity as a 
function of the ratio of electrode separation and depth, for various re- 
sistivity contrasts. If the resistivities are equal, the apparent resistivity 
is equal to the true resistivity. If = 1 (lower layer of infinite resistivity), 
the apparent resistivity increases in direct proportion to the electrode 
separation, the proportionality factor being about 1.386. (with a/k). The 
apparent resistivity ratios for the ^k-values between 0 and 1 approach 
asymptotically the true resistivity ratios for large electrode separa- 
tions. 
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If coaductivitf ratios are reversed (good coaduetor below), the apparent 
resistivity ratio lies between values of 0 and 1 and approaches 0. 

3. Three horizontal layers. The theoretical treatment of this case pro- 
ceeds along the same lines as that for the two-layer case. The mathe- 
matical relations become more complex, however, beeanse images of 
sources and sinks are produced by reflection on two boimdary surfaces. 
The calculation has been carried out by Hummel®* for the general ease 
and for a special condition where the thickness of the two top layers is 
the same (h — hi) and the bottom layer is infinite in extent and of infinite 
resistivity. Results obtained for the latter case indicate that (for large 
electrode separations) the apparent resistances follow Eirchhoff’s law for 
two resistances connected in parallel, so that the average resistivity of 
two infinite layers, of resistivity pi 


and P 2 and respective thickness hi 
and hi , is given by 


hi fl- 

pay. 


Pi P2 


( 10 - 39 ) 


a/ 03 12 IS 


d 

33 f 



Pia, 10-53. Three-layer case (after 
Humiael). 


This relation may be exterided to 
cover the case of more than two 
layers of any thickness and makes 
possible a graphic approximation in 
the interpretation of resistivity 
curves. Fig. 10-53 illustrates the 
apparent resistivity curve for three 
layers with resistivities p, pi , and 
p 2 and of thickness h, hi, and oo, 

with A = fei . The shape of the curve for distances large in com- 
parison with the depths of the upper layers is almost independent of 
the properties of these upper layers. For large spacings it is asymptotic 
to the line pjp = 2, since the resistivity of the lower infinite medium is 
twice that of the surface layer. Curves h and c are the ‘ 'approximation 
curves obtained by combining the upper two layers and considering the 
resultant layer with the bottom layer as a two-layer problem (curve b). 
Similarly, curve c follows by combination of the middle and bottom layer. 

In Fig. 10-54 the middle layer has a high and the bottom layer a low 
resistivity. This curve is commonly obtained in water table deter- 
minations. 

The theoretical curves prove that even for large differences in con- 
ductivity there is no abrupt change in apparent resistivity measured at the 
surface. If irregular curves and ‘'breaks’' are obtained in the field, they 

Ibid., p, 409-414. 
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are due to local conditions, usually at the contact of the electrodes ^vith the 

ground, and must be eliminated before any interpretation can be attempted. 

4. Effects of vertical contacts. In Fig. 10-55, let A£ he the surface of 

the ground and DE a fault plane di\iding the region into two parts, of 

resistivities pi and P 2 . If a four- 

3 electrode system is moved as a 
^ * 

whole or if the separation is in- 
A creased, a resistivity curve con- 
f sisting of five portions is obtained 
^ (Fig. 10-56). These, in turn, 
result from five possible positions 
of the arrangement in reference 
to the fault plane: (1) all elec- 
trodes in the first medium; (2) 
only one electrode across the 
fault line; (3) two electrodes in 
each medium; (4) three elec- 

Fig. 10-64. Three-layer case (adapted froni medium; 

Hummel). (5) all electrodes in the second 

medium, A sixth case arises 
when measurements arc made in either medium parallel to the strike 
of the contact. 

(a) Case 1 (four electrodes in one medium) corresponds to the condition 
a < 2(f/3, if a is the electrode separation and d the distance from the center 


A 


Fig. 10-55. Four-terminal electrode arrangement on contact piano. 

of the electrode system to the contact. Assunn^ a source of ciirrent I at 
C’l and a sink —1 at Co . The potential at points Pi and Ft will depend 
on the strength of 1 and -/ and of their images at C[ and C^ resulting 
from reflection on the interface DE. The potential at Pi due to the source 
/ at Cl is /pi/27ra; that at Pi due to the sink — / at C 2 is — 7pi/47rc. The 
potential resulting from the image at is kTpi/2^(2d - 2a) and that 
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due to the image of —1 at C 2 is klpij2T{2d - a), where k = 
(p 2 "■ Pi)/(p 2 + pi)' The total potential at Pi is therefore 


Stt _(o 2o) * ( 20 ^ + 2a 2d - «)_ ' 


Similarly, the potential at Pz is 


V _ Jpif / 1 _ A I 7,/ 1 1 V 

^ 27r _\2a a/ \2(^ + a 2d — 2a) _ ' 


Hence we have for the potential difference: 

Vr-V, = ^\l 

2ira ol . 

\ ^ “ 

so that the apparent resistivity becomes 


(10-40a) 


(lO^Oh) 


(10-40c) 


Ps = pi 1 + 4 A 


4-1 


(10-40rf) 


(6) In case 2 (one current electrode iu the second medium) the potential 
difference Yi — T 2 due to the source I at Ci and its image at C( will be 
the same as in case 1. However, the potential in medium (pi) due to the 
sink — / at C 2 in medium {p<^ must be considered as being due to a source 
— 2p]If[pi + pi) (see eq, (10-32rf), and the potential at Pi will be the sum 
of the potentials due to a source I at Ci , to an image kl at C[ , and to a 
source (A -- 1) / at C 2 ‘ 


A , k pijk - 1) 

^ \(i 2d “h 2c/ 2c 


The potential at P 2 is accordingly 


(10-40e) 


1 + _A_ 

2a 2d 4" < 


P2{k — 1) 


From the diffei*enee the apparent resistivity i^s 


1 + A / ^ "I" 


(10-40/) 


(c) In case 3 (two electrodes in each medium) the paten lial at J\ is 
due to the source 1 at Ci , hi at C[ , and — 2p\l/{p^ -+ Pi) “ 
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Ca . Siinilar conditions apply to the potential at Pa , so that 

k I piik — 1) 




+ 


2(i ^dj 


Then the apparent resistivity becomes 


2a. 

pi(k — 1) 

2a 





i 

Pi 

" 1 - fc 

1 

Tsa 

+ 

a 

1 1 



L 




(10-40p) 


(10-40ft) 


(d)’ In case 4 (three electrodes in second medium) we have for the ap- 
parent resistivity 


Ps — Px 


fc-fj. 
fc 


1 — A:/ 




2d 


2^-fl 
a a 


+ 2 . 


(e) In case 6 (four electrodes in second medium) it is 


Ps = Pi : 


1+k 


1 +- A 




(10-4:0z) 


(10-407) 


Figs. 10-56aand 10-566 show curves of apparent resistivity on contacts 
calculated for various k values. These curves are valid for the four^ 
terminal Wenner-Gish-Eooiiey electrode arrangement, and they express 
the observed quantities as a function of spread distance from fault plane. 
It is seen that the apparent resistivities approach the true resistivities as 
the distances of the arrangement from the fault plane increase. Abrupt 
changes occur when d/a = 0.5 and 1.5, that is, when electrodes cross the 
contact plane. 

An application of the above theory is made in electrical logging. This 
method involves the location of formation boundaries in wells by means 
of a system of fixed spacing electrodes (see Chapter 11). 

When the electrode arrangement is used parallel to the strike of a fault, 
formula (10-33) may be applied to the contact (p 2 , pi), so that 


- F 2 


La Vid* -f a} V4d^ 4aK 


(10-410.) 
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which gives for the apparent resistivity 


Pa = Pi 1 -f 2fc 




(10-416) 


Tagg®’ has published a series of curves showing for various h values the 
apparent resistivity as a function of distance from the contact. These 





Fia, 10-56a. Apparent conductivities obtained with four- terminal electrode 
arrangements on contact (after Tagg). 



Fig. 10-566. Apparent resistivities obtained with four-terminal electrode arrange- 
ments on contact, as a function of distance of center of spread from contact plane 
(in terms of electrode separation) (after Tagg). 

indicate that if the distance of the electrode system from the fault is hour 
times the electrode separation, its influence is practically negligible. 

5. Effects of di'p'ping beds. For dipping beds, apparent resistivities may 


(x. F. Tagg, A.LM.E. Geophys. Pros,, 135-145 (1934). 
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be calculated in the same manner as for horizontal beds and by using the 
theory of images. In this case the number of images is no longer infinite.^^^ 
The images lie on the circumference of circles with radii equal to the dis- 
tances of source or sink from a hypothetical point of intersection of the 
interface with the surface. The number of effective images is t/ 29, 
where 6 is the dip. Fig. 10-57 shows a number of curves calculated for 
various dip angles for a constant resistivity ratio. The abscissa is the 
ratio of apparent and true surfaceriayer resistivity, the ordinate the ratio 
of electrode separation and depth (under the down-dip power electrode, 



Fig. 10-57. Effect of dip on appa-renl resisti\^ity {k = 2/3) (after Aldredge). 

normal to the bed) . For electrode' separations less than, ono-half the depth , 
the influence of dip is very small and is approximately proportional to the 
sine of the dip angle. For large ratios of a/A,tho curves straighten out 
appreciably. Since it is difficult to calculate dip analytically from up-dip 
and down-dip profiles, it is better to determine dip indirectly by profiles 
parallel to the strike. 

6. Effects oj three-dimensional geologic boelies. The effects of ore bodies, 
lenticular conductors, and the like, can be calculated by considering them 
as the equivalents of electrical doublets. The calculation is simplified by 
assuming that the doublet is situated below the midpoint of the electrode 

■‘op. F. Aldredge, Colo. Sch. Mines <Juart., 32 ( 1 ), 171-180 (Jaii., 1937). 
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basis. Fig. 10-58 shows the ratio of apparent 
and true resistivity as a function of the ratio 
of electrode separation and length of spread for 
a polarized doublet. A distinct change in ps/p 
occurs. This is of interest because the potential 
curve along the same line exhibits a smaller varia- 
tion. 

D. Procedure; Eqtjipmbjntt 

For measuremient of apparent resistivity, 
widely different procedures, electrode arrange- 
ments, and equipment are used. The latter fall into the following groups: 
(1) E.C. commutator method (Wenner-Gish-Eooney) with separate meas- 
urement of voltage and current; (2) Megger method, likewise with 
commutator and with direct resistance measurement by dual-coil indicators ; 
(3) E.C. measurement with nonpolarimble electrodes ; (4) A. C. method. 

1. D.C. commutator {Gish-Booney) method. A scheme of the equipment 
is given in Pig. 10-11. Ci and C 2 are the external or current electrodes; 
Pi and P 2 the potential electrodes. Current is measured with a milliam- 
meter between Ci and C 2 , while the potential difference .is observed be- 
tween Pi and P 2 on a potentiometer. A section of a double commutator 
is interposed in each circuit so that the current flows in the same direction 
through the measuring instruments while it is reversed periodically in the 
ground (about sixteen times a second). Much care must be devoted to 
the proper design of the commutator to insure correct and steady meter 
readings. Inasmuch as it takes the current a certain amount of time to 
build up to its equilibrium value (an effect which increases with increasing 
electrode separation, see formula [10-45a]), the segments on the potenti- 
ometer commutator are offset with respect to those on the current 
commutator. 

Because of the insulating segments, the current read on the milliam- 
meter is lower and hence the resistance is greater than its actual value. 
This difierence may be corrected out by determining the value of a known 
resistance with commutator in motion and with commutator at rest (com- 
mutator factor). Unsteadiness of the galvanometer needle of the poten- 
tiometer can be avoided by placing a condenser of large capacity in series 
with one of the potential leads. Leakage between high- and low-voltage 
circuits in the instrument may be eliminated by the use of a grounded 
guard ring between the two sections of the commutator. A customary 
commutator design is shown in Fig. 10-59b. 

2. Megger method. The ‘'Megger’' (abbreviation for ‘'megohmer”) in- 
strument was developed primarily for the use of power and coinmunication 



J, 

I 

Fig. 10-58. Curve of 
apparent resistivity over 
polarized doublet (after 
Hummel). 
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eompanies to test the grounds of power stations and transmission towers, 
and the like. The Megger differs from the Gish-Eooney arrangement in 
two respects: (1) power is supplied from a generator mounted with the 
commutator on the same shaft; (2) measurements of voltage and current 
are made with cross-coil instruments so that automatically the ratio of 



Fig. 10-59fl. Circuit of Leeds and Northrup potentiometer. 



Colorado School of Mines 


Fig. 10-596- Close-up of double commutator. 

voltage and current and therefore the resistance is determined. In the 
scheme of Fig. 10-60 the cross formed by the current and potential coil is 
not shown . The current coil is in series with the current or external loads, 
while the potential coil is across the internal or potential pair of electrodes. 
Although the poiential coil is in series with a high resistance, this is gen- 
erally not sufficient to give the same accuracy as the potentiometer method. 
Therefore, resistivities determined with the Megger are generally lower 
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than the resistivities determined with either the Gish-Rooney caromutator 
or porous-pot resistivity equipment. 

3. B.C. resistivity measurements with porous pots. By the use of porous 
pots, polarissation on the potential electrodes and hence the commutator 
can be eliminated, although it is still necessary to provide for a reversing 
switch to eliminate effects of stray currents and leaks from the current into 




Fig. 10-61. MGasarement of apparent resistivity with four-temiiiial A.C. 
method (adapted from Weimer). 

the ])oteiitial circuit. The Shepard earth resistivity' meter and the 
'"geoscopo” are repreKSCiitative of instruments using poroiis-pot electroih^s. 
In the latter tlio galvanometer of the potentiometer is used with resistances 
ill such a manner that the current is kept adjusted to a predetermined 
value. This value is made numerically equal to 2Te, (= 191, if a is in 
feet) so that the potentiometer readings give directly the value of the 
apparent resistivity. 
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4. A.C. resislivity mthod. An arrangement for measuring lesistmty 
with A.C. by compensation is illustrated in Fig. 10-61, in wMeh A is an 
ammeter in the current circuit, I a variable inductance, T a transformer 



used to supply a reference voltage to the potentiometer, V a voltmeter; S 
a slide wire, and PH a phone for detecting balance. Another A.C. indicator 
must be substituted for the phone if currents of lower frequency and hence 
greater depth penetration are applied. 
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E. Interpretation' 


Interpretation of data, obtained with resistivity mapping or resistivity 
sounding, may be made (1) qualitatively (using the appearance of the 
curves); (2) quantitatively, by analytical interpretation methods; (3) 



Fig. 10-626. Tagg interpretatioii diagram (fc positive), 


quantitatively, using ''type’' curves calculated for given conditions; (4) 
with the help of model experiments. 

1. Qualitaiive 7 nethods. Qualitative interpretation has a definite place 
in resistivity mapping. High apparent resistivities indicate the presence 
of bodies or formations of high resistivity within the depth range and 
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vice versa. Examples are given, below in seotioii f. In some instances it 
is possible (especially witli the help of borings) to represent the lateral 
variations of apparent resistivity on snch a scale that they may be trans- 
lated directly into changes of depth of formations of different resistivity 
(bedrock profiles, and the like). Qualitative methods are also frequently 
used in a preliminary interpretation of resistivity depth curves although, 
as stated below, complete reliance on such methods may lead to serious 
misinterpretation, since the apparent resistivity continues to change with 
electrode separation long after the true resistivities have ceased to change 
with depth. 

2. Quantitative interpretation (analytical). Analytical, direct methods of 
depth interpretation are primarily applicable to simple two- and three- 
layer conditions. One most frequently used is known as Tagg’s method. 
This method establishes a number of simultaneous equations, giving depth 

as a function of resistivity factor k Hence, a family of curves giving 
Ps/pi as a function of h/a must be prepared (see Tig. 10-62). Since the 
apparent resistivity, for a given electrode separation, is only a function of 
the depth and the k value of a contact, theoretically two resistivity values 
for two electrode separations are suifiScient to obtain both h and k. In 
practice, several equations are set up for various electrode separations, and 
depths are calculated numerically or graphically. It is convenient to use 
two diagrams : one for resistivity ratios (when the resistivity of the under- 
layer is less than that of the upper layer) and the other for conductivity 
ratios (when the resistivity of the underlayer is greater) . Each diagram 
contains ten curves for fc from —0.1 to —1 and from 0.1 to 1. Since a is 
known, h values as functions of k may be tabulated or plotted for each 
electrode separation. The correct depth is indicated by the intersection 
of the curves or by h values, which do not vary with k (see example). 
From the k value thus determined, the resistivity of the lower layer is ob- 
tained from P 2 — Pi(k+ 1)/ (I — k). If necessary, field curves are smoothed 
out for small electrode separations in order to obtain a reasonable average 
value for the surface resistivity. 

The results in Table 71^^ were obtained from Fig. 10-C3a to determine 
depth to limestone, overlain by loam, sand, and clay. For separations of 
less than 70 feet, the resistivities were averaged, obtaining a surface 
resistivity of pi = 6703 ohm-in. 

Since pjpi > 1, the ''conductivity” curves will be used for interpreta- 
tion. In Table 72 the vertical columns contain ten values of hja for 10 
values of k. This is repeated for all electrode separations and correspond- 
ing ajai values. 


Tagg, op. cit. 
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It is noted that, for the 
value k = 0.7, the -depth h 
remains practically constant; 
h = 14=2 may be taken as the 
depth to the surface of separa- 
tion between limestone and 
clay or sand. If the h values 
are plotted as a function of k 
(Fig. 10-63i>), the curves in- 
tersect at about 140 feet. The 
most probable value of k is 
0.702. The true depth in this 
case ranged from 145 to 160 
feet. 

Tagg’s method of interpre- 
tation may be extended to 
the three-layer case, provided 
the infinite third layer does 
not influence the first part of 
the curve too much. This 
requirement is satisfied when 
the thickness of the second 
layer is two to three times the 
thickness of the top layer. 
The procedure followed is 
equivalent to a reduction of 
the three-layer to a two-layer 
problem, that is, it is equiva- 
lent to the construction and 



m' w m‘ 150 

Fig. 10-63. Resistivity curve (a) and 'graphical 
depth interpretation (5) (after Tagg). 


evaluation of the approximation curves shown in Figs. 10-53 and 10-54. 
The order to be folio-wed is as follows : (1) Average the surface resistivities for 


Table 71 


Electrode Separation 

Resistivity j 
(ohra-in.) 

Pa/Pi 


150 feet 

8,960 1 

1.338 

0.748 


10,740 1 

1.601 

0.625 


12,320 ’ 

1.840 ' 

0.544 


13,860 : 

2.068 ! 

0.483 


15,220 1 

2.270 * 

0.441 


16,480 

2.460 1 

j 0.407 


“See also Sundterg, A.I.M.E. Geophys. Pros., 146 (19341; and S. ,1. Pirsoii, 
.t.I.M.E. Geophys. Pros., 148-158 (1934). 
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spacings from 5 to 20 feet, thus obtaining the resistivity (pi). (2) Plot pi to 

scale on the resistivity axis and draw a line from pi to meet tangentially 
the first part of the curve. (3) Read resistivities at six or eight points 
on the curve just drawn and apply Tagg’s method to that part of the curve. 


Table 72 


Elec- 

Spacing 

I 150 Feet 

200 Feet 

250 Feet 

300 Feet 

350 Feet 

_ 

400 Feet 

p-b/vi 

0.748 

0.625 

0.644 

0.483 

€.441 

0.407 

h 

kja 

h 

j h/a 

h 

h/a 

h 

h/a 

h 

h/a 

h 

h/a 

h 

1 

1.19 

179 

0.915 

183 

0.770 

193 

0.675 

202 

0.61 

214 

0.560 

224 

0.9 

1.12 

168 

0.860 

170 

0.705 

176 

0.610 

183 

0.545 

191 

0.500 

200 

0.8 

1.045 

157 

0.775 

155 

0.640 

160 

0.545 

163 

0.485 

170 

0.435 

174 

0.7 

0.96 

144 

0.700 

140 

0.565 

141 

0.478 

143 

0.41 

144 

0.36 

144 

0.6 

0.87 

130.5 

0.620 

124 

0.485 

121 

0.390 

117 

0.325 

114 

0.28 

112 

0.5 

0.7851 

118 

0.525 

105 

0.39 

97.5 

0.295 

74 

0.226 

78 

0.17 

68 

0.4 

0.66 ; 

99 

0.42 

84 

0.27 

67.5 

0.16 

40 

0.06 

21 

... 


0.3 

0.525 

79 

0.26 

52 

0.03 

7.5 







0.2 

0.315 

47 











0.1 











’’ , 

... 


Table 73 


fl pB 

5 IOC 

10 120 

15 140 

20 154 

25 165 

30 166 

40 153 

50 120 

60 87 

70 €5 

80 49 

90 35 

100 26 

110 Ig 

120 12 


This procedure yields p 2 , and h , as well as fci = (4) Estimate 

P2 + Pi 

the depth to the third layer by applying the approximation + Ag == 
fd, where d is the distance to the inflection point (between the two points 
of maximum curvature). (5) Calculate the apparent resistivity p[ of the 
two upper layers (pi and pa) in parallel from (hi +■ h)/i>'i = h/pi ■+ /is/ps . 

(6) Apply Tagg’s method to the bottom part of the curve between the 
lowest two points of maximum curvature, A more accurate value is then 
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obtained for the depth (hi +• Determine the resistivity of the bottom 
layer p 3 from A 2 = — — j — — . (7) Repeat the above with better values of 

P2 "T P3 

p'l to obtain a more accurate figure for (hi + fes) , and so on. As an example 
of the application of the above procedure, the curve of Pig, 10~S4 (a typi- 
cal water indication) may be selected, with resistivity values of pi = 100, 
P 2 = 300, and pa = 0 ohm-foot. The first point of the resistivity curve 
at depth 0 is 100. Multiplying the vertical scale by 10 (if hi = 10) gives 
the apparent resistivity values in Tahle 73. 

Since a theoretical curve is analyzed here, steps (1) and (2) may be 
disregarded. Proceeding directly to the analysis of the first part of the 
curve (from 5 to 25 feet), we obtain the data in Table 74. 


Table 74 



0.945 

0.835 

0.715 

0.65 

0.607 


6 

10 

15 

20 

25 


Ha 

h 

Ha 

h 

hfa 

h 

Ha 

h 


h 

0.1 

0.76 

3.8 

0.17 

1.7 







0.2 

1.13 

5.65 

0.55 

5.5 

0.21 

3.16 





0.3 

1.4 

7.0 

0.77 

7.7 

0.44 

6.6 

0.3 

6 



0.4 

1.6 

8 

0.9 

9 

0.58 

8.62 

0.45 

9 

0.21 

5.25 

0.5 

1.77 

8.9 

1.1 

11.0 

0.70 

10.5 

0.56 

11.2 

0.37 

9.25 

0.6 

1.88 

9.4 

1.13 i 

11.3 

0.79 

11.85 

0.665 

13.3 

0-475 

11.19 

0.7 

1.98 

9.8 

1.23 

12.3 

0.88 

13.2 

0.75 

15 

0.585 

14.6 

0.8 



1.33 

13.3 

0,96 

14 . 4 : 

0.82 

16.4 

0.66 

16.5 

0.9 



1.42 

14.2 

1.025 

15.4 

0.89 

17.8 

0.74 

18.5 

1.0 



1.51 : 

15.1 

1.105 

16.6 

0.965 

19.3 

0.81 

20.6 


The best agreement of depth values prevails in the row ki = 0.5. The 
average there is 10 feet. This gives 300 ohm-feet for p 2 . The inflection 
point in the curve indicative of the second interface is at 60 feet. Hence, 
hi “h h 2 = ^ * bO = 40 feet, and 40/pi = yVu H” Thus pi = 200 ohm- 
feet. The approximation curve is then traced, starting with pi = 200, 
tangent to the resistivity curve at the lower inflection point. The paints 
chosen for applying Tagg’s method to the bottom part appear in Table 75, 
which gives the best agreement of depth values in the lowest row for A: = 1. 
The average of the depth values in this row is 40.1, which is in close 
enough agreement with the depth assumed in the construction of the 
theoretical curve. 

3. Quantitative uiterpretatioTi (type curves), based on an interpolation of 
theoretical curves, is used almost exclusively by Schlumbcrger and Ms 
associates. Curves are calculated for given k values with layer thickness 
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as variable. Fig. 10-64: shows a diagram prepared for a two-layer case in 
which the resistivity of the upper formation is 480 ohm-m while the re- 
sistivity of the lower formation is infinite. Apparent resistivities are shown 
for top-layer thickness varying from 5 to 125 m. The former are plotted 
as ordinates, and the lengths of the electrode arrangement (I = 3fl) as 
abscissas. In the two-layer case several of such diagrams are available 
for various b values ; and it is not diflScult to select approximately the right 
diagram, since the resistivity of the upper medium may he determined 
fairly closely. 



UK ICO 300 m 

Fig. 10-64. Schluinberger two-la.yer iiiterpretatioa diagram, with field curves 

(after Poldini). 


Iiiierpretatiou consistw of placing the field curves over the theoretical 
curves and detorrniiiiiig the depth by interpolatioiL For instance, in the 
curve for station 1 the deptli obtained from the curve was 8 m while the 
depth reached by drilling was 8.75 m. In the curve for station 13 the depth 
read by interpolation was 32 m and the depth found hy drilling was 31 .05 
m. In the curve for station 40 the interpolated depth was 51 m and actual 
depth was 51.05 ni. The results under discussion were obtained in a re- 
sistivity survey on a dam site at Littleton, N’ew Hampshire, where the 
upper layer consisted of Quartern ary sands, gravel, and clay, underlain by 
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crystalline, highly metamorphosed rocks of 10,000 ohm-m resistivity. 
Curves of the type under discussion may likewise be constructed for the 
three-layer case. These are divided into an upper two-kyer portion and a 
three-layer curve proper, to interpret the lower part of the curve. It is 
evident that in this case the number of combinations of k values for which 
such diagrams must be available is much greater. 

The Schlumberger method has the obvious advantage that depth deter- 
minations can be made directly in the field without any calculation — at 






Fin. 10-65. Studies of the effect of dip of model formatioHS in a water tank, using a 
four-terminal contacting arrangement with constant electrode separation of 8 inches. 


the expense, however, of a great amount of office calculation beforehand 
to meet various conditions. This method increases in value the more 
field data are obtained and interpreted. 

4. Model experiments. Small-scale experiments are of twofold value in 
the interpretation of resistivity measurements: (1) for checking theoretical 
calculations, and (2) for simulating geologic bodies whose effects cannot he 
calculated. These experiments are usually made in tanks, filled with water 
to simulate the country rock (or top layer), whereas ore bodies are repre- 
sented by metal plates, and stratified ground by layers of sand (p large), 
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clay (p small), or water (p intermediate). The conductivity of these sub- 
stances may be altered by adding electrolytes (NaCl or CUSO4) . Tanks 
should be compensated to eliminate wall effects. 

Model experiments are of value in determining the anomalies of ore 
bodies whose calculation would be too time consuming. The curves re- 
produced in Fig. 10-65 show that a dipping conductive formation may 
produce a negative anomaly in resistivity when the electrodes are parallel 
to the strike; but that it produces a maximum, flanked by two minima, 
when the electrodes are perpendicular to the strike. These experiments 
were made in 1929-1930 at the Colorado School of Mines to study the pos- 
sibility of locating fluorspar deposits associated with faults, rendered con- 
ductive by circulation of mineralized solutions. They were confirmed later 
in the field. Similar results were published by Hubbert m 1932,^® who also 
supplemented his field data with model tank experiments.*^ Further 
experiments were contributed by N. H. Johnson,^ with a theoretical discus- 
sion by Howell.^®” Other model experiments were made by T. A. Man- 
hart*® and R. J. Watson.*’ 


T. Results Obtained by Resistivity Sueveying 

Resistivity methods have been applied (!)■ in structural investigations 
for the purpose of locating potential oil structure, that is, anticlines, salt 
domes, faults, and the like; (2) in mining (a) in connection with structural 
investigations, (b) for the location of ore bodies, of brown coal, anthracite, 
and salt, (c) for the determination of thickness of overburden m pro- 
posed shaft and tunnel sites and of depth to bedrock in placer projects ; (3) 
in civil engineering (a) in fbimdation problems, (b) in determining depth 
to bedrock or rock consistency in proposed dam and tunnel sites, and (c) in 
highway engineering for the location of construction materials, sand and 
gravel, and the like; (4) in prospecting for water. 

1, Structural investigations in oil exploration. For comparatively shal- 
low problems (to 2000 feet or so) resistivity mapping has been found fairly 
useful in oil exploration. Fig. 10-66 shows a curve of apparent resistivity 
across an anticline of Devonian limestone flanked hy Mississippian shales 
and sandstone and concealed by glacial formations, boulder clay, and the 
like. This traverse was run with an electrode separation of 200 feet. Ow- 


« M. K. Hubbert, A.I.M.E. Geophys. Pros., 9 (1934). 
« JUd., 14. 

, 35. 

* Colo. Soh. Mines Quart., 32(1), 141-168 (Jan., 1937). 
" A.I.M.E. Geophys. Pros., 222-232 (1934). 
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ing to the high resistivity of the lime, this anticline appears as a peak of 
hdgh apparent resistivity. The variations in the curve are probably due 
to small irregularities in. the surface of the glacial till. 

Not all anticlines can be expected to appear as resistivity highs. Fre- 
quently the overburden is of high resistivity and the anticlines are made 
up of shale formations with lower resistivit 3 ^ In such cases an anticline 
will appear as a resistivity low. The Caucasian foothill zone^ extending 
from the vicinity of the well-Imown field of Grozny to Idadicavcas, shown 
in Rg. 10-67, is an example. All anticlines appear as elongated zones of 
low resistivity. The depth of penetration and electrode separation in this 
survey was about 820 feet. 



- ^ Devonfcn limes to ne wholes d $s. 

Fig. 10-56, Resistivity profile across buried anticline, taken with an electrode spacing 
of 200 feet (after Hubbert). 

The survey represented in Fig. 10-68 is of interest because of the ex~ 
cellent correlation possible between resistivity profiles. The section (New 
Mexico) is made up of gypsum, red beds^ shales^ and limestone with salt 
underneath, at a depth of 400 to 500 feet. The red bed and shale section 
(with the exception of the near-surface portion) appears as a good con- 
ductor. Tlie first downbreak of the curve is readily correlated^ the 
eharacteiisties of the first four curves being similar in all details. The 
correlation of the troughs of these curves gives a picture closely related 
to the surface of the salt beds several hundred feet down. It would he 
difficult, howwer, to find a direct indication of salt in the lower portion of 
the curves. This results from the screening effect of the good conductors 
above. 
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la many instances faults have been located by the lesistivity contrast 
of the formations on either side, or by the effect of the fault itself resulting 
from highly mineralized waters in the fault plane/® Structural investiga- 
tions with resistivity methods are often facilitated by tracing certain key 
beds of high or low resistivity. An example is the survey of the Bibi- 



EUtSi?// Harry Aurand 

Fig. 10-68. Results of electrical vertical drilling with single-probe method, and 
corresponding geologic section in an area in New Mexico. 


Eibat^^ anticline near Baku and is of in- 
terest because measurements were made 
at the bottom of the sea. A tri-conduc- 
tor cable with three electrodes was 
dragged along the sea bottom, the fourth 
electrode being a fixed ground on land. 
The key bed in this area (Apsheron 
limestone) could be clearly noted in the 
resistivity curve. 

The possibility of electrical salt dome 

location was demonstrated at an early 

date by Schlumherger and his associates. 

Fig. 10-69. Equiresisti-vity con- In 1926 and 1927 the salt domes of 
toars (ohm-nieters) on a salt it 

dome in the Emba District, Riis- Meyenheim and Hettenschlag m Alsace- 

sia (after Schlumherger). Lorraine were found by resistivity map- 

ping. They appeared as resistivity lows, 
contrary to what -would be expected. The lows result from the occur- 
rence of highly conductive marls above the salt which in. turn are cov- 



Hubbert, op, cit., 40-47. 

A.I.M.E. Geophys. Pros., 127 (1934). 

50 G. Carrette and S. F. Kelly, A..I.M.E. Geophys. Pros., 211-220 (1929), 
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ered by alluviEl b6ds of high resistivity. The latter thin out where the 
marls have been forced up by the salt intrusion. Conversely, the salt 
uplift shown in Fig. 10-69 shows as a resistivity high. It is located at 
Tschernaja Rieschka and is one of the numerous domes found by geo- 
physical methods in the Emba district in Russia. 

2. Applications in niining and mining geology. General structure in. 
mining districts can be outlined by means of resistivity mapping, provided 
that key beds with greatly differing resistivities ejdst in the section. 
Faults may be located if the beds on either side differ in resistivity or if 
mineralized solutions circulate along the fault plane. In this manner, 
non conductive minerals 


ci: 

ESI On Mtf on 3000. urn 






accumulated on the fault f 

planes may be found in- /y SH 

directly (fluorspar veins f '// [Fgg on Mtf on aooft 

in Illinois, see footnote / ^ f 

43, page 735), 7 f 

Resistivity methods J /^ \ 

have been used exten- 

sively in the location of 'v y ^ y ^ 

sulfide ore bodies, both 

at the surface and under- r 

ground. Fig. 10-70 il- 

lustrates electrical re- 

suits at the Abanamine. / yfy 

The resistivity curves 

were obtained by survey- / o m 

ing with constant elec- 
trode spacing. The ore 
body is indicated a 

1 ^ FiG. 10"70. Resistivitj curves and self-potential 
^ profiles across Abana ore body (after Schlumberger 

71 shows resistivity- [Eve & Keys]). 

depth curves for a dip- 
ping vein taken along three profiles, laid out 15° off strike, at increasing 
distances from the outcrop. The lows in the curves move out to greater 
distances (or depths) as the distances of the traverse from the outcrop are 
increased. In this instance these distances were found to correspond to 
depth to the dipphiig vein, although they would be expected to be reckoned 
perpendicular to the bed. 

Several attempts have been made to apply resistivity methods in lig- 
nite prospecting. If the lignite beds are soaked with mineralized waters 
and overburden formations are poor conductors, fairly definite results may 
be obtained (see Fig. 10-72). However, if conditions are less favorable 


Fig. 10-70. Resistivity curves and self-potential 
profiles across Abana ore body (after Schlumberger 
[Eve k Keys]). 
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Ccla,yey overburden, small conductivity contrast, varying water content), 
the data may become very unreliable, as indicated by Stem’s measurements 
in the Niederlausitz and Hawkins^®^ observations in Ontario. Extensive 
resistivity measurements have been made by Ewing and Crary on anthra- 
cite coal beds. Further references to geophysical results on coal measures 
are given in an article by the author.®^ In the prospecting for salt, potash, 



Fig. 10-71. Apparent resistivity curves on three traverses (15® of strike) above 
Peach Bottom Vein, Alleghany County, N'orth Carolina (after Griswold). 



Fig. 10-72. Apparentresistivity curves on lignite beds, Ville, Germany (after Stern). 

or sulfur for mining purposes, the geologic problems are the same as in 
the location of salt domes in oil exploration. 

Determination of overburden thickness, a problem frequently encoun- 
tered in mining operations in connection with sinking shafts, driving tun- 
nels, and excavations from surface, has been accomplished successfully by 

R. H. Hawkins, A.I.M.E. Geopliys. Pros., 76-120 (1934). 

“Geophysics in the Non-Metallic Field,” A.I.M.E. Geophys. Pros., 546-577 
(1934). 
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both, resistivity mapping and sounding. Fig. 10-73 shows the application 
of resistivity mapping in a section consisting of glacial drift at the surface 
and limestone with ore bodies below. The limestone is underlain by con- 
glomerates. The three curves represent; {solid curve) actual subdrift 
topography; {dotted curve) apparent conductivity obtained with 40-foot 
electrode separation; (dashed curve) apparent conductivity with 120-foot 
electrode separation. The conductivity curve obtained with the 40-foot 
separation does not give a true picture of the subdrift topography because 
the average thickness of the glacial drift is greater than this separation, 
and the results also reflect irregularities in the composition of the drift. 
The closest relation, between subdrift topography and apparent conductiv- 
ity was obtained with 120-foot electrode separation, wMch is the greatest 
thickness of the drift encountered in the area investigated. 

Surface of rock 

- ConductMiy d 120 ft interval 

tt #f 4^ // It 

I Horizontal Scale 

t 1 jf — I l^riical Scale 



Fig. 10~73. Apparent resistijs^^jurves, with different electrode separations to 
detemnine favibdrift topography (after Lancaster-Jones) . 

Location and depth determiaation of placer deposits is closely related to 
the problem of deterinining depth to bedrock in foiinda;tion problems, 
discussed in the next paragraph. 

3. Applications in civil e7igi?iee7i7ig {foundation and highway prohlems)- 
Application of resistivity methods in this field is threefold: (a) determina- 
tion of depth to bedrock; {b) determination of physical rock characteristics 
for dams, structures, tiumels, and the like; and (c) location of coiistmction 
materials. 

Bedrock depth determinations by resistivity methods have been made 
on numerous occasions. Many of these have been carried out by Schhun- 
berger and his associates. Aa example v^as illustrated in Fig. 10“64. 
lathis particular survey, predictions could be verified witliiii 1 to 2 inelers 

Xeonardon and Crosby, A.I.M.E. Geophys. Pros., 199—210 (lf)29). 
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(10 per cent of depth); only two wells showed discrepancies. Where bed- 
rock consists of unaltered crystallines and the overburden is glacial drift, 
the conductivity contrast is great enough to assume an infinite bedrock 
resistivity in the interpretation. On the other hand, when altered crystal- 
lines or sediments are overlain by river gravels traversed by water, the 
opposite type of resistivity indication (good conductor below) may be 
observed. 

Fig. 10-74 shows the results of a resistivity survey made for a determina- 
tion of physical rock characteristics at the site of a proposed aqueduct. 
It revealed a fault zone 350 feet wide in which the crystalline rocks were 



Fig. 10-74. Location of fault zone by resistivity mapping (after Henderson). 


crushed and waterlogged (reduced resistivities), making it necessary to 
reject the site for the proposed structure. 

In highway construction, resistivity surveys can be of considerable help 
by locating construction materials. There are still many projects where 
sand and gravel are hauled for considerable distances, while sources of 
near-hy supply might be located by resistivity measurements without much 
trouble. The curves reproduced in Fig. 10-75 show how effectively a 
gravel and sand lens in a clay bed can be mapped. Many more examples 
of this type are given by Kurteiiacker in an article dealing especially with 
the applications of geophysics to highway problems.^* 


K. S. Kurtenacker, A.I.M.E. Geophys. Pros., 49-59 (1934). 
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4. Location of water. Resistivity and related surface-potential measure- 
ments are probatly the most promising geophysical methods for the 
location of water. The problem is not simple and requires a careful study 
of the stratigraphic situation since the occurrence of groundwater is quite 
variable and the conductivity of water itself may vary. The manifold 
conditions applying in electrical water prospecting have been discussed in 
detail by Heiland*° and Tattam.“ 

Experience has shown that in many cases the water itself, though pot- 
able, is conductive and occurs at the bottom of a dry layer, which in 
turn is covered by a surface medium of intermediate conductivity (see Fig. 



Fig. 10-75. Location of gravel lenses bf resistivity mapping (after Wilcox). 


10-76, diagram [a]). Conversely, the bottom layer may have a high resis- 
tivity (crystalline bedrock, and the like) and the water may occur as an in- 
termediate layer of good conductivity above it (6). The typical three-layer 
curves so obtained may degenerate into the extreme curve ([a], e) when the 
top layer is of very good conductivity, and into (c), e when the top layer has 
poor conductivity. Water subject to rapid circulation in beds of large 
pore volume and permeability often acts as a nonconductor compare'd with 
other beds (curve [c]) . Curve (d) is less frequently observed and occurs when 

Amer. Geophys. Union Trans. (Hydrology), 574-588 (1937). 

C. M. Tattam, Cola. Sch. Mines <^ua.rt., 32(1), 118-138 (Jan., 1937). 
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moist layers of different capillarity occur abo^e one another. It is seen 
that three-layer curves encountered in water prospecting require a careful 
analysis of near-surface stratigraphic conditions and that the same resis- 
tivity curve may indicate totally different conditions. 
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Fig. 10-76. Various resistivity indications on conductive and nonconductivc 

ground waters. 

G. Electrical. LoGGmG 

Electrical logging is the application of resistivity mapping with fixed 
electrode separation to the location of formation boundaries in uncased 
wells. Methods and equipment, theory and results are discussed in 
Chapter 1 1 . 

YI. POTENTIAL-DROP-RATIO iMETHODS 
A. General 

Compared with resistivity methods, the advantages of potential-drop - 
ratio procedures are that sharper indications are obtained on vertical 
formation boundaries, and that in favorable cases of horizontally stratified 
ground the indications are more directly related to depth. The P.D.R. 
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method is also superior in resolving power because potential differences 
are not measured absolutely' but in the form of a ratio of successive dif- 
ferences. However, this increase in precision frequently results in in- 
creased near-surface interference, and special precautions are necessary 
to reduce it. P.D.R. arrangements consist essentially of Wheatstone 
bridge circuits with adjacent stake intervals in two arms, knoTO resist- 
ances in the other two arms, and an indicating instrument in the center 
arm, connected to the center stake (see Fig. 10-82). Hence, for a D.C. 
circuit, the ratio of the two voltage differences is equal to the ratio of the 
two resistances when adjusted for balance. 

B. Theort 


1. Horizontal layers. In all applications of P.D.E. method for the ex- 
ploration of stratified ground, measurements are made outside the elec- 



Fig. 10-77a. Electrode arrangement for constant spacing. 


trode basis and usually at right angles to it. By this means the effect of 
the second electrode is virtually eliminated (Fig. 10-77a). For tTV"o layers 
of arbitrary conductivity ratio, vrith a lower layer of infinite depth extent, 
the P.D.R. may be calculated from the potentials at three surface points, 
using the equations previously derived. According to eq. (10-35(x), in 
the vicinity of one power electrode 

V , I g v" - 1 

" 2r Lr Vr^ 4 (20^)^ ‘ 

Applying this to three equidistant points with the interval b, and vdth a 
center di.stance r from the power electrode (see Fig. 10-77a), we get 
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By introducing the ratios z ^ r/h and c ^ h/k, we obtain the following 
equations: 


_ jpx r 1 , . 

2irhl{z - c) - cY 4a\ 

= ipi r_jL_ 4- 9 V 

2rh L + c) V(a: + cf +- 4n^ 


2tA _ 


T n==oo TUa 

1 , „ 5^ g 

^ + 4n\ 


Therefore, the potential differences are : 


a*oo r* 1 

+ 2 S ^ - — - 

n»l LVC^ — 


cy -f* 4n^ + 4ii^_ 


27rh \x{x 4- c) 


a*oo p 1 

a«l L V H 


+- 4n^ \/{x+ cy + 4:11^. 


If we let 


>/ (x -- cy + 4a2 = "v/A 
\/:r2 + 4:11^ = a/B 

V(xTcy+~~^" = Vc, 


the potential ratio is given by 


y A Vc _ x(x — cj 

y7^ 7^ “ 

x (x -f c) 


r 1 1 “ 

^ aS ivT ~ yi. 

n^oo Pi IT 

2 E A:" 4- - — 

LvB VCj 


(10-426) 


(10-42c) 


(lO-42d) 


When A = 0 (homogoiieous ground), the series in both numerator and 
denominator vanish and the P.D.R. becomes 


Va _ x -h c 
Vb cc — c' 


(10-42€) 


The P.D.R.’s measured in the field must be referred to a “normal” 
ratio, that is, the ratio for homogeneous ground. To this end, they are 
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multiplied by the reciprocal of the ratio in eq. ( 10~42e). Hence, the correc- 
tion factor is (r — i)/(r + 6), and it is always less than and gradually 
approaches 1 (for ratios figured in terms of VaJV^ as the separation be- 
comes smaller in comparison with distance. Hatios expressed in terms 
of YbIY A. are reduced with the reciprocal of the above correction factor. 

In stratified ground either a constant-spacing or an expanding-electrode 
system is applied. As shown in Fig. 10-775, the spacing b may he in- 
creased in proportion to the center stake distance. A convenient_^electrode 
separation is one-third of the center stake distance. Then, if 
EA:IC:jEB = 2:3:4, c equals x/Z, so that eq. (10“42d) becomes 


-1 a=<» 

ZZ n'=l 

r 1 

1 1 


4ir n.=i 

1 

1 1 

y(0’+- /(ij+d 


(10-42/) 


5 

j— ^ »/r 


1 /* '1 




Fig. 10-77b. Expanding electrode system. 


With the expanding system, the normal P.D.R. for homogeneous ground 
(fc = 0) is Va/Vs = 2. Hence, the correction factor is then constant and 
equals In comparison with, the constant electrode system, the ex- 
panding system has the advantage that the P.D.R.'s are larger and less 
influenced by near-surface variations. 

For positive values of fc, the series in eq. (10-42/) converge rapidly. 
When a good conductor is underlain by a very poor conductor (/c = 1), 
the extreme ratio is about 1.3 for a constant electrode spacing of one half 
the depth. This ratio occurs at a center stake distance of 1| times the 
depth (see Fig. 10“77c). The same relation prevails for lesser resistivity 
contrasts, although the curves become flatter and the peaks shift toward 
values slightly greater than 1|. The simple relation between depth and 
peak distance makes it possible to interpret measured P ,D.R. values more 
readily than resistivity values, provided that (1) a poor conductor occurs 
beneath a good conductor, (2) only two layers are effective, (3) surface 
interference is carefully eliminated, and (4) the obserA^ed ratios are reduced 
for normal ratio. 

Curves like those illustrated in Fig. 10-77c may also be calculated for an 
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expanding electrode S7stem. 
If the electrode interyal is one- 
half the distance to the first 
(A) stake (which is the same 
as one-third of the center 
stake distance), the curves 
peak at a depth closely equal 
to the A stake distance (for 
positive k values). 

When a good conductor 
occurs below a poor conduc- 
tor, k is negative and the 
series terms in eq. (10-42/) 
become alternatingly positive 
and negative. The series con- 
verge less rapidly and the 
peaks are located at center 
stake distances nearly tvrice 
the depth (for constant elec- 
trode spacing equal to one-half 
the depth) . F or extreme con- 

Fig. 10-77c. Potential-drop ratios for ductivity contrasts, the con- 

layers EiS functions of distance, for constant versence of the series is very 
electrode separation (adapted from Baird). , t 

slow and the ratio drops 

rapidly. Preliminary calculations^^ indicate a ratio peak at about 31 times 
the depth. 

2. Dipping layers. The effect of dip on P.D.E. may he calculated from 
the corresponding apparent resistivity relations. Only one set of images 
is required for one source, since the other electrode may he assumed to be 
at infi-iiity. The potentials must be figured for three instead of two points 
and their difference and the difference ratio must be formed.^® P.D.R.’s 
so calculated are shown in Pig. 10-78 for various angles of dip of a single 
layer. It was assumed in all cases that the near-power electrode was so 
located as to make the depth, normal to the dipping bed, 18.5, regardless 
of dip. Calculations were carried out for one resistivity ratio only {k == 1) . 
The results are valid for an electrode system moved downward in the 
direction of maximum dip. Results in Pig. 10-78a are for a constant elec- 
trode separation and in Fig. 10~78b for an expanding system. 

3. Vertical contacts. A determination of the effects of vertical bound- 
aries is of practical importance for the location of contact zones, faults, 

John Baird, Doctor's Thesis, Colorado School of Mines, May, 1940. 

M. Jameson, Master's Thesis, Colorado School of Mines, 1937. 
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and Teins. The P.D.R.’s for simple contacts with resistivities of pi on 
one side and pa on the other may be calculated from eqs. (10-40a) to (10- 
40i), which can be simplified, since only one source has to he considered. 
Details of the calculations depend on whether the source is moved or hept 
stationary with respect to the fault plane. The theory of this case has 




(a.) (h) 

Pig. 10-78. Potential-drop-ratio cuiatcs for dipping bed: (a) constant’ spacing, 
(h) expanding system. Depth is reckoned perpendicularly to bed. (After Jameson.) 

been discussed by Hedstrom.®* Curves have been published by Hedstrom 
and T. Ziischlag.'*’ Some of these are reproduced in Fig. 10-79. 'When 
the pow'er electrode is stationary, the greatest P.D.E. is obtained ■when the 
center stake crosses the boundary- When the good conductor is the me- 


H. Hedstrom, Min. Mag., April, 1932. 
.i.r.M.E. Geophys. Pros., 48 (1932). 
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dium on the left, the P.D.R. (in terms of Fs/Fx), is greater than 1 ; if the 
poor conductor is on the left, the ratio is less than L 
For vertical veins the calculation of theoretical P.D.R.’s can be made 
in three ways. In the first, the assumption is made that the vein is very 
wide and that for the left side of the vein the effect shown in Fig. 10-79a 
can be compounded with that shown in Fig. 10-796. This procedure is 



Eio. 10-79. Potential-drop-ratio curves for contacts and vertical 
dikes (after Zuschlag). 


permissible only when the vein is so wide that the effect of the electrifica- 
tion of one side on the other side can be neglected. Tbe more rigorous 
procedure is to figure with a reflection of the source not only on the bound- 
ary close to the power electrode but also on that away from the electrode. 
In this manner the curves shown in Fig. 10-79c and d were obtained. 
They show the effect of a poorly conductive vein in a medium of good con- 
ductivity as well as the effect of a vein of good conductivity imbedded in a 
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mediuin of poor conductiv'ity. Another procedure is to consider a \^exn 
as a sheet of negligible thickness, that is, equivalent to a plane of ideal 
reflecting characteristics. If the plane is a good conductor, its eSect is 
equivalent to producing an image of opposite sign, while an insulating 
sheet, assumed to be so thin that charges do not collect on it, produces 
an image of a source of like sign. In this manner both resistivity and 
P.D.R. distributions can be calculated.®^ 

4. Ore bodies. The method by which anomalies of ore bodies are 
calculated depends entirely on their shape and geometric disposition. 
For ores in horizontal or nearly horizontal stratification (certain types of 
lead-zinc and lead-silver ores) the treatment is the same as for horizontal 
beds. Tor vein-type deposits in vertical positions the P.D.R. 's may be 
calculated by assuming tv^o adjacent contacts or a thin conductive or in- 
sulating sheet. This procedure is applicable when the depth of overburden 
is small; if such is not the case, the problem can be treated as a two-layer 
case with a vertical vein in the lower medium that reaches up to the 
interface. Dipping ore bodies may be considered as two contacts of equal 
dip or as thin sheets, as the case may be. Lenticular bodies of limited 
dimensions may be assumed to be equivalent to polarized doublets- The 
more complicated cases are best treated by model experiments. 

5. Surface geologic features. Owing to the great sensitivity of the 
P.D.R. method to horizontal resistivity variations, considerable anomalies 
will be produced by slight changes in the composition and structure of 
surface and near-surface formations. In regard to vertical contacts, the 
theory holds only if beds are infinite in vertical direction; for horizontal 
formation boundaries, the theory assumes that they remain the same in a 
horizontal direction. The field technique described below is intended to 
eliminate surface geologic features which are characterized by a limited 
extent in either horizontal or vertical direction, or both. 

In Fig. 10-80, A', and S' are the three potential stakes and E the 
next power electrode. The arrangement is moved over a conductive body 
of limited depth extent, with an electrode separation equal to the width 
of the body. Assume as unit of length one-half of the electrode separation 
and let the depth extent of the conductive body vary from one to eight 
units. The corresponding ratio curves become more unsymnietrical with 
increasing depth extent. Therefore, to detect bodies of great depth extent 
and to eliminate near-surface interference, it is but necessary to take a 
reverse profile. Upon averaging the two curves, one obtains curves with 
amplitudes proportional to depth extent, and anomaly peaks over the 
center of the body.®^“ 

61 Howell, op. cit., 34-37 (1932). 

6i«F. Kihlstedt, A.I.M.E. Geophys. Pros., 62-74 (1934). 
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C. Equipmentt; Procedfee 

Various types of equipment haye been developed for P.D.E. surveying. 
D.C. bridges have been, used for recording corrosion effects on pipes 
(Schlnmberger). Alternating current bridges are operated with audio 
frequencies of from 250 to 900 cycles, which has the advantage that 
phones can be used as indicating instruments. 

In the Imperial Geophysical Experimental Survey series-capacity 
ratiometer, each arm consists of a condenser and a resistance in series. 



Fig. 10-80. Elimination of surface geologic anomalies by ratio curves laktui in 
opposite directions (after Kihlstedt). 


The ratio of the potential drops Vi and Vo botweeii the equidistant pairs 
of contacts AB and BC, and their phase differences ai’c determined hy 
adjusting the capacities and res istan ces in each arm to balance. Thus 
Ta = (Z 2 /Z 1 ) Vi , where Z^ = ^ + X\ and Zx = Vi?? + Xl , Zi and 
Z 2 are the total impedances in the arms of the bridge, Ri and 1^2 resistances, 
and Xl and X 2 are capacitive reactances, with Xi = 1 / 27 r/Ci and X 2 = 
l/2irfC2 . Hence, ^ 


I 2 

Yi 

and the phase difference 


R 2 cos tan ^ 


Xl 


Ri cos tan ^ 


’^2 


> ( 10 - 43(0 


0 = tan“^ - tan“‘ 

Jct2 
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III a modification of the original ratiometer, the I.G.E.S. used con- 
densers in parallel with the resistances. Then the admittance 1/Zin each 
arm is 

1 _ 1 _L 1 1 , -n 

Z 1 


U 1/R = g, the conductance and27r/C = h, the capacitative susceptance 
of the circuit, then the admittance is g + jh, and the ratio is 


*^2 _ gi + jhi 

g2+jh2* 


(10-436) 


In the parallel ratio-arm instrument (see Fig. 10-81) the variable capaci- 
ties and resistances are so graduated that the conductances gi and gs and 
the susceptances hi and h 2 are in the same units, 

the unit being the conductance of a 300,000 ohm ^ ^ C 

resistance. When the frequency is 535 cycles per 

second, this is approximately equal to the suscept- 
ance of a condenser of a 0.001 microfarad 

capacity, and the various portions of the variable 

capacity come out as whole numbers. 

In the Suedish-Americcn Racom (ratio com- * 

pensator) bridge, inductive reactances take the § I § 1 

place of the capacitive reactances; phase differ- ^ 

cnees are not read but merely compensated by I ‘ t t r Tn 

the use of a variable mutual inductance. A ^ 

schematic circuit diagram is given in Fig. 10-82. , 

The P.D.R., as computed from the resistance ratiometer (after 

ratio, represents the ratio of the in-phase com- Edge and Laby). 
ponents of the potential drops. With Ra and Ra 
as contact resistances of the stakes A and and and Rlb 
resi.stances of coils La and Lh , the ratio is (approximately) 


Fig. 10-81. Parallel cii- 
pacity ratiometer (after 
Edge and Laby). 


V CB B 2 + Bls "+■ Rs 


(10-44g) 


The contact resistances may be determined and eliminated by a .second 
setting of the resistances R[ and R 2 . Then 

Vac _ Ba + + R i (10-44:5) 

y CB E 2 “b Rlb "T Rff 


y Bc R% — R 2 


Hei ice, bj' eombiuatioii, 


( l0-44c) 
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Field procedure in P.D.R. surveys depends entirely on their purpose. 
In prospecting for ore bodies, veins, contacts, and faults, field practice 
differs somewhat from that used in stratigraphic investigations. A third 
procedure is applied in corrosion surveys. In mining exploration, the 
P.D.R. traverse is usually run along a line between the two power elec- 
trodes and, if possible, in the vicinity of one of them. The electrode 
separation is kept constant, and observed P.D.R. ’s are corrected for normal 
ratio. If ratio stations have been taken with 50 per cent overlap, the 
potential gradient per unit distance may be obtained by assuming an 
arbitrary potential gradient (usually 1) in the first A-B interval and by 
calculating the gradients for all other intervals by successive multiplica- 
tion. Potential gradient (electric field intensity) values are then plotted 
against the center of the respective intervals. 

A continuous phase curve may be plotted by starting in the first interval 
with an arbitrary phase angle and by calculating subsequent phase angles 



Fig. 10-82. Schematie of Swedish- American Racom. 

by successive addition. As seen in Fig. 10-84, ore bodies are indicated 
by zones of low potential gradient and maximum phase anomaly. For 
the elimination of surface anomalies, ratio curves are surveyed in opposite 
directions from two power electrodes which may be switched on alter- 
natingly so that two ratio readings are taken at each setup. 

In determining depths to horizontal formations, measurements are 
usually made in the vicinity of one electrode ; the other is kept at a distance 
from five to ten times the depth to be reached. Profiles are run out from 
the close electrode at right angles to the base. Then the power electrode is 
moved to another position and a second profile is run again normal to the 
base. The potential ratios thus obtained must he corrected for normal 
ratio. Prom a survey made with constant electrode interval and overlap, 
potential gradients and apparent resistivities may he calculated. In cer- 
tain problems, expanding electrode systems are preferred. Profiles radi- 
ating out from the power electrode in different directions are useful for 
determination of dip. An electrode arrangement in which the power elec- 
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trodes are close together and the spacing of the secondary electrodes is a 
function of the base length, has been proposed by Koenigsberger.®^ 

In corrosion surveys, the potential mtiometer has been used to deter- 
mine zones of positive potential (where the greatest destruction is likely 
to occur), and to record fluctuations in corrosion potential. In the latter, 
the bridge is set at a fixed ratio, and galvanonaeter fluctuations with time 
are recorded.^'* 


D. Results 

P.D.R. methods have been applied in mining, in oil exploration, and in 
civil engineering. Applications in mining fall into two groups: (1) struc- 
tural and stratigraphic investigations and (2) prospecting for ore bodies. 
The former include location of faults, shear zones, and quartz veins. 
Mineralization may accompany such zones or may he related to it in some 
way. F. Kihlstedt®^ has pub- 
lished a number of examples 
where the P.D.R. method was 
supplemented by magnetic 
tests. Extensive use has been 
made of the potential-ratio 
method in search for (gold 
bearing) quartz veins, Fig, 

10-83 is reproduced from an 
article by Hedstrom^^ and 
shows the P.D.R. curve above 
an andesite dike, flanked by 
volcanic conglomerates on one 
side and slate on the other, ob- 
tained near the Lebong Donok 
mine in Sumatra. Since the 
andesite is a })Oor conductor 
with respect to the conglom- 
erates and the slate, the observed ratio curve (in terms of BjA) 
is in accord with the theoretical curve shown in Fig. l0-79r. Edge 
and Laby have published a number of ratioineter curves, largely for known 
deposits. In comparison with curves by other investigators it should he 
noted that measurements were made between two electrodes and that no 

Bcitr. aii^ow. Oeopliys., 1(1) 57 (1030). 

0. and M. Scliliiniberger, A.I.M.E. Tocli. Piibl. X< 470 (193‘2,). 

hoc. ciL 

M. Heels troni, loc. cit. 



Pk;. 10-83. Potential-riitio curve on andesite 
dike in Sumatra (after Hedstrorn). 
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correction for normal ratio was applied. Observed ratios were generally 
converted to a potential ^ Variation’^ curve, the latter being identical with 

the potential gradient referred 
to above. Fig. 10-84 shows a 
profile taken in the Uley graph- 
ite area near Port Lincoln, 
South Australia. The graphites 
are believed to have originated 
from a metamorphism of Pre- 
cambrian rocks, probably con- 
sisting originally of magnesium 
limestones. The potential gra- 
dient curve shows a minimum in 
the middle of the profile, indicat- 
ing a good conductor; the 
small peaks on either side 
signify a crowding of the 
equipoteritial lines. The phase 
curve has a maximum, corre- 
sponding to out-of-pbase cur- 
rents induced in the conductor. 
On the basis of the electrical 
survey, a graphite body about fifty feet in width was located, dipping 
about 45-50° to the NW. 

Application of P.D.R. surveys in oil exploration has been made to deter- 
mine depth to key beds and to locate structure. Those known to date 
do not involve depths exceeding several hundred feet. In some P.D.R. 
surveys in Alberta,®^ depth interpretation was first based on peaks in the 
reduced ratio logs and was later supplemented by an evaluation of apparent 
resistivity curves calculated from the P.D.R. readings.®^ To what extent 
the simple two-layer relations between the distance of the peak in the 
P.D.R. curve and depth hold for more than one interface has not been 
determined, although it is probable that peaks in opposite directions appear 
near the upper and lower boundaries. 

P.D.R. methods offer a rapid means of measuring depth to bedrock in 
foundation problems, of locating faults and shear zones, of determining 
the general characteristics of formations, and of locating water. The 
survey shown in Fig. 10-85 was made near the Oriental ore body at 
Buchans in Newfoundland, where glacial drift occurs above arkose bed- 
rock. The potential-ratio (S/A) curves are plotted in such a manner that 

e^Lundberg and Zuschlag, A.I.M.E, Geopkys. Pros., 61 (1932). 

Kihlstedt, op. ciL, 199. 



Fig. 10-84. Potential gradient and phase 
curve on graphite deposit at Port Lincoln, 
South Australia (after Edge and Laby). 
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ratios greater than 1 are to the right, and those less than 1 to the left. 
A peak to the right signifies a transition from a good to a poor conductor, 
and a peak to the left a transition from a poor to a good conductor. The 



Era. 10-85. Potential -drop-ratio cur'ves indicating water level in glacial moraine and 
bedrock, Newfoundland (after Lundberg and Zuschlag). 

electrical indications were interpreted as showing the effects of both water 
and bedrock, the dry upper portion of the moraine being the poor, and its 
water-bearing portion above bedrock being the good conductor. 

VII. ELECTEICAL TRANSIENT (^mTRAN”) METHODS 

Electrical methods previously discussed involve the measurement of 
stationary potentials or potential differences. In electrical transient meth- 
ods, on the other hand, their variation with time is observed. The recorded 
time constants of the ground are primarily related to the resistance of the 
ground circuit; it is likely that capacitive and electrolytic-polarization 
effects introduce a reactive component. 

When a ground circuit is closed or opened, the equilibrium values of 
voltage and current are not reached immediately. Because of the change 
of the current with time, induction currents are generated. The greater 
inductance of the lower paths causes the current to flow at first near the 
surface (skin effect). The variation of the e.m.f. with time may be ex- 
pressed by a relation of the form 

Et-E, = (£n.a.. “ (10^5a) 

where Emax. is the maximum initial potential difference between the ground 
electrodes when the circuit is closed, Eo is the steady state value, i is time, 
p is resistivity in ohm-cm, v is permeability, b is the distance between the 
electrodes, and c is a constant®^ equal to 2.32- 10~^ With v = L the time 
required for the difference £?inax. to drop to 1/e of its value (time 

constant T) is given by 

T = —I (10-455) 

/> 

'S T. M. Pearson, A.I.M.E. Geophys. Pros., 34 (1934) ; C. and M. Schlumberger, 
ibid., 139 (1932). 
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Sbce the time constant depends on electrode separation and resistivity, 
methods have been proposed to measure the time variation in the ground 
circuit, either with only two electrodes^^or between two potential electrodes 
in the Wenner-Gish-E coney or similar arrangements. 

In most Eltran arrangements used at present, the transients are meas- 
ured in a separate potential circuit. It has also been found that the 
Wenner-Gish-Rooney setup is not so suitable for Eltran work because of 
the large voltages that may be induced by the current circuit into the 
potential circuit. Therefore, most arrangements now provide for observa- 
tions outside the current basis in a potential circuit of about lOOO feet 
electrode separation. The interval between adjacent electrodes of the 
current and potential circuits varies between one thousand and several 
thousand feet. 

VarioiiwS techniques have been used to record electrical transients. They 
are: (1) direct oscillographic recording, (2) neutralization of transients by 
two opposing generating circuits, (3) compensation of the transient by a 
reference signal furnished by the power generator or by a locally syn- 
chronized generator, and (4) controlled alteration of the received transient 
to give a predetermined (saw-tooth) wave form. 

Direct oscillographic recording was probably first used by Karcher and 
McDermott."^^ These investigators employed in the primary circuit two 
electrodes about a half mile apart, supplied through a switch from a 
storage battery of several hundred volts with currents of 10-20 amperes, 
ileasurenients were made half to three-quarters of a mile aw'ay in the 
extension of the primary electrode basis with two nonpolaxnzable electrodes 
about 0.1 to 0.2 mile apart, connected to a calibrated D.C. amplifier and 
oscillograph. The time constant was represented in the form of an 
‘Tnduetance function” which, according to the foregoing, is the apparent 
inductance duo to the skin effect and therefore chiefly dependent on elec- 
trode base length and lesistivity. Hence, the similarity in Karcher’s 
'flnductaiiee” and 'h*esistivity-slope-fnnetion” curves at the same locality. 

Ill a method described by White, power supplied by a GO-eych^ 
generator through a rectifier capable of delivering several thousand volts 
on open circuit. The rectifier charges a bank of condensers toialiiig 10 
to 15 microfamds in capacity. The condeiisors are discharged by a fast 
mechanical switch which is released by a radio signal received from a 
transmitter synchrojiized with the sweep of the cathode-ray oscillograph 
on the receiving end. In this method the records are evaluated by taking 

L. W. Bkiu and L. St;itluuii, U. S. Patent Ko. 2,070, 

■«L. W. Blau, U.S. Patent ^o. 1,911,137. 

J. C. Karcher and E. McDermott, A.A.P.C5. Bull., 19(1), 64-77 (Jan., 1935). 

G. White, A.I.M.E. Tech. Publ. No. 1216, 4 (Feb., 1940). 
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the time gradient of the surge or by measuring the maximum height of 
the transient and dividing it bj the total charge of the current surge. 
These transient voltage maximaj when contoured across a structure, give 
a picture very similar to a resistivity contour map. 

The difficulties encountered in the evaluation of oscillographic records 
lead to the adoption of neutralization and compensation methods to deter- 
mine magnitude and shape 
of the transients . Statham^^ 
developed a method based 
on a comparison of tran- 
sients in adjacent ground 
intervals. In Fig. 10-“86a, 

I and III are the two pri- 
mary circuits of opposing 
polarity energized simulta- 
neously through two screen- 
grid thyratrons by closing 
the switch S in their parallel 
grid circuits. II is the 
potential circuit connected 
through a two-stage direct- 

coupled amplifier to tlic lO-SsZ’cireuit for comparisoa of electrical 

vertical plates of a cathode- transients (after Statham). 

ray oscillograph on which 

a 4-inch deflection corresponds to a -(ground) potential difference of 4 
millivolts, while the horizontal plates are actuated by a tuning-fork-con- 
trolled linear sweep circuit. With currents flowing in circuits I and III, 
resistors 1 and 2 arc first adjusted so that no steady potential occurs 
in circuit II. If the switch S is then closed .and the transients due to 
circuits I and III are equal, no transient will be recorded in circuit II . 
When transients appear, they are compensated by moving the potential 
electrodes. The direction and distance required for cancellation are in- 
dicative of direction and rate of increase in effective conductivity. 
Statham has published a map showing the effect of a deep-seated Gulf 
coast oil field on the conductivity vectors thus determined. 

Another group of Eltran methods involves a determination of the shape 
of the transient by compensation with a simulating network. This net- 
work may be synchronized by using a reference load to the generator. 
Tor large electrode separations, a local oscillator feeding the simulating 

Louis Statham, Geophysics, 1(2), 271-277 (June, 11)36), aiul T. S. Patent No. 
2,113,749. 
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network is synchronized by the received transient itself. Fig. 10-866 
shows an arrangement developed by West/^ in which the primary impulses 
of 50-cycle frequency and rectangular wave form are supplied by a thy- 
ratron relaxation oscillator controlled by a tuning fork. In the figure the 
synchronization of a reference signal by this oscillator is indicated; the 
reference lead may be dispensed with by synchronizing a local oscillator 
with the transient of the potential circuit. 

In still another Eltran method, the technique is based on the assumption 
that the ground circuit has capacitive reactance in addition to resistance. 
The transient potential feeds two parallel circuits. One portion is ampli- 
fied to actuate the sweep while the other is mixed in a double triode with 
the reference signal, after it has passed through an adjustable network. 
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Fig. 10-862). Arrangement for comparison of transients with simulating 
network (after West). 


From the mixer the signal' goes through an amplifier and thence to the 
vertical plates of a cathode-ray oscillograph. Time constants of transients 
are then expressed in terms of the value of the variable element in the 
compensating network required for balance (probably i?C) and maps are 
contoured in units of reciprocal time constants. Fig. 10-87 shows such 
contours for the Sandy Point oil field in Brazoria County, Texas. The 
productive area coincides with contours of high reciprocal time constants. 

Recent developments in mixing, synchronizing and simulating circuits 
have been discussed by Klipsch.^^ In the mixing of the reference signal 
with the received impulse, a bridge circuit has been found advantageous. 
The potential transient and the reference signal produced by an oscillator 

S. West, Geophysics, 111(4:), 306-314 (Oct., 1938). 

’'^P. W. Klipsch, Geophysics, IV(4), 283-291 (Oct., 1939). 
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and distortion networL are in opposite arms of the bridge, the former syn- 
chronizing the latter. An amplifier and oscilloscope are connected to the 
detector arm. Two potentiometers in series are connected across the 
input to the distortion network. The tapped portion of one potentiometer 
carries a resistance and a capacitance in parallel, labile the tapped portion 
of the other potentiometer has a capacitance in series and a resistance in 
parallel. Transients can be simulated with sufficient accuracy by the four 
variable resistances in this network. 

A technique referred to under (4) above, that uses a controlled distor- 
tion of the received impulse to produce a linear saw-tooth transient (Saw- 
tran) , has likewise been described 
by Klipsch. In this case the 
distortion network consists sim- 
ply [of a tapped resistance with 
capacitance in series, both across 
the input line. By adjusting the 
sliding contact on the resistor 
until the resultant wave consists 
of a straight-line saw tooth, the 
time constant (RC) of the tran- 
sient can be determined. 

Opinions in the literature differ 
concerning the superiority of the 
transient over standard resis- 
tivity methods. Some authors 
claim that transient indications 
cannot be duplicated by resis- 
tivity measurements, that data 
on hitherto unobservable rock properties may be obtained, and that 
depth penetration is much greater. Others contend that the depth 
penetration is no greater than for other electrical methods under similar 
field conditions and that the observed anomalies are essentially due to 
shallow stratigraphic variations.’® It is possible that the Eltran method 
and related electrical methods designed to measure ground circuit react- 
ance, will reveal formation properties of diagnostic value not obtainable 
with the straight resistivity method. As was stated on page 639, the 
capacitive reactance of the ground is probably related to its electrolytic 
polarization properties. 

An attempt has been made to measure this polarization directly by a 
so-called “electrochemical” method,’’ likewise based on the observation 

E. E. Rosaire, Geophysics, III (2), 96-115 (March, 1938). 

M. Muller, Beitr. angew. Geophys., 4(3), 302-315 (1932). 



Fig. 10-87. Eltran contours, Sandy Point 
oil field, Brazoria County, Texas (after 
Eosaire). 
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of traasients. When current is sent into the ground, there result changes 
in the concentration of electrolytic solutions which in turn give rise to a 
counter (or polarization) e.m.f . It was noted before that this phenomenon 
is responsible for corrosion potentials and that it is utilized in stimulating 
the “activity” of ore bodies by passing current into the ground before a 
self-potential survey. 

An arrangement for measuring these counter e.m.f. ’s is shown in Fig. 
10-88.*^^ The upper portion represents a beat oscillator furnishing fre- 
quencies of the order of 
1-5 cycles. The output 
is coupled to the ground 
eircui tthrough the trans- 
former T and is recti- 
fied on the secondary 
side, so that impulses in 
only one direction pass 
through the ground. 
The potential difference 
between the electrodes 
El and U 2 , as well as 
their time variation, is 
recorded on the string 
galvanometer or oscillo- 
graph (?t . In parallel 
with this circuit is an- 
other one, consisting of 
a second rectifier with 
condenser in] parallel, 
going into the grid of an 
amplifioi- with record- 
ing galvanometer in 
the plate circuit. IVuth 
proper selection of the 
capacity C in parallel 
with the second rectifier, the galvanometer G 2 will record only the return 
impulses because of the unilateral impedance of the rectifier tu)>e. The 
fluctuations of both the input e.m.f. and the polarization e.m.f. are recorded 
oil the same film witli time marks every hundredth of a second. The 
initio of charging time to discharge time is always greater than 1 and is 
a function of the electrolytic polarization properties of siil>surface forma- 



Fig. 10-88. Circuit in electrochemical polarization 
method (adaptod from Mtiller). 


Ibid. 
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tions reached by the action of the electrodes. It ia claimed that the depth 
penetration is the same as the electrode separation. Since the ability of 
formations to furnish polarization e.m.f.'s is closely related to their elec- 
trolytic content and hence to their resistivity, there is some question as 
to whether an altogether different physical property is recorded in these 
measurements. Although the power supply to the ground is small 
(1--2 watts) the question arises further how mueli polarization e.m.f. is 
produced in the nonpolarizable electrodes. 

YIIL ELECTROMA.GNETIC METHODS 

Electromagnetic methods constitute one of the largest and most diversi- 
fied groups of electrical prospecting. They differ from the potential 
methods in that the electromagnetic field and not the surface potential of 
the ground currents is measured. Electromagnetic methods are divided 
into two groups. In the first, energy is supplied to the ground by contact; 
in the second group, energy is supplied inductively, that is, by insulated 
loops. The first group is sometimes called electromagnetic, and the second 
inductive. 

A frequency of 500 cycles is most commonly used in electromagnetic 
methods. When a simpler technique is desired, when phase shifts are to 
be kept to negligible values, where a substantial depth has to be reached 
(as ill Schlumberger’s method of electromagnetic dip determination or in 
Koenigsherger’s ring induction method), low frequencies of the order of 
25-60 cycles are preferred. More than one operating frequency^ may be 
required when highly conductive layers near the surface are to be pene- 
trated. Electromagnetic methods using frequencies of the order of tens 
of kilocycles are referred to as ^Tigh frequency^’ methods. Such fre- 
ciuencies are likely to energize noncommercial conductors and to produce 
excessive terrain effects. A band between 300 and 900 cycles is a prac- 
tical compromise. Lower frequencies would make energy transmission 
too inefficient and would eliminate the telephone as a practical null de- 
tector. Higher frequencies lack depth penetration and produce too much 
interference. 

Transiuission units are: long cables, connected to a generator and 
grounded at both ends; rectangular or square loops; or circular coils. They 
are fed by generators driven by gasoline engines, storage battery operated 
buzzers, commercial lighting plants, or vaeiium-tiibe oscillators. 

Receiving devices are of widely diversified construction, depending on 
quantities measured. Their two fiuidameiital constituents are a reception 
frame with several hundred turns of wire and an amplifier. L"se is made 
of null methods wherever possible, with telephones as nidi indicators. 
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The more complex arrangements measure the field components by ampli- 
tude and phase, or as in-phase (real) and out-of-phase (imaginary) com- 
ponents. Fields at successive points may also be measured relatively in 
regard to amplitude ratio and phase difference. Fallowing is a summary 
of observed electromagnetic field parameters: 

Strike and dip of the ellipse of polarization. 

Absolute values of intensity and intensity components. 

Semi-absolute determination of intensity components in reference to 
amplitude and phase of the primary current. 

Out-of-phase field components in terms of corresponding in-phase com- 
ponents. 

Field ratios and phase differences in successive intervals. 

Ratios of in-phase components at successive points. 

Potential methods of electrical prospecting are preferred whenever pri- 
mary power may be readily applied by contact and when the objects 
sought are not very good conductors. Electromagnetic-galvanic methods 
are suitable where bodies of good conductivity are to be located, where 
surface beds of good conductivity would produce too much screening effect 
on potential methods/^ where requirements of depth penetration are not 
too great, and where contact of the primary electrodes with ground is 
readily possible. When this is difficult (as in deserts, on the ice of lakes, 
and the like) inductive methods must be applied. 

A. Electromagnetic Methods with Galvanic Power Supply 

1. Electrode arrangements are like those used in equipotential-line or 
potential-profile methods. Line electrodes are laid out at right angles to 
the strike so that maximum distortion of the current lines occurs; profiles 
are run at right angles to the strike. Where large amounts of ground are 
to be covered and where the uniformity of the primary field does not play 
an important part (as in field-ratiometer measurements), point electrodes 
are preferred. 

A long cable is laid out each way from the generator and grounded at 
the ends with a number of pins or wire screens. The line must be in the 
direction of strike so that profiles can be measured at right angles thereto. 
The field produced by the line connecting the electrodes to the generator 
may be reduced by carrying the leads around the area in a square or rec- 
tangle or by taking the measurements on the outside of a short current 
basis. For the simpler layouts, the field due to the leads may he calcu- 

See J. N. Hummel, Zeit. Geophys., 7(6/6), 258 (1931). 
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lated and corrected for. Corrections need not be applied when com- 
pensators are used ’^ith inductive field excitation, since the loop field 
appears in the in-phase conaponent, whereas the field induced in an ore 
body will generally affect most strongly the out-of-phase component. 

2. Receiving equipment used in electromagnetic methods is virtually 
identical with that in inductive methods and is discussed in that connection. 
A piece of equipment not described there is the Barley pipe locator^ since 
it is a direct application of the electromagnetic method with galvanic 
current supply. One pole of a small A.C. generator (buzzer) is connected 
to an accessible point of a system of pipes; the other pole is grounded. 
The receiving device is a small rectangular coil (carried in horizontal 
position over the ground), connected to an amplifier with phones. As 
such a coil will respond to the vertical component, which is zero directly 
over a conductor (see Fig. 10~92a), the point of minimum or zero signal 
will indicate the position of the pipe. In other types of pipe locators where 
the coil is carried in a vertical position, the horizontal component is re- 
ceived and therefore the pipe is indicated by a maximum. 

A method not strictly classifiable under the groups tabulated on page 764 
has been proposed by Haalck.^® It is based on a comparison of the hori- 
zontal field of the ground currents with the field produced by the electrode 
leads. The latter are predominantly vertical; the former predominantly 
horizontal, at least on the electrode base. The receiving arrangement is 
set up in the center of the electrode base and the cable is carried around 
this location in a half rectangle. If the current flows in the cable from 
front to back, the cable field Zo is upward and that of the ground return 
current is to the left. The two fields are approximately in-phase. If the 
reception frame is set up with its horizontal axis of rotation parallel with 
the electrode base, a minimum of sound will be observed in the head- 
phones when its plane is in the resultant direction of the two fields, that is, 
if tan <p = Zo/H. 

The sensitivity may be increased by using two frames, one stationary 
and the other rotatable (Pig. 10-96). In investigating stratified ground 
with this method, the electrode separation is increased in steps and the 
change in tilt angle is observed. If the ground is homogeneous, the hori- 
zontal field will decrease with an increased electrode separation due to 
greater depth penetration of the current. Hence, the tilt of the frame 
will increase. If bodies or strata of different conductivity are present, 
the depths of the effective current concentration will change; therefore, 
changes in the regular trend of tilt variation will occur. There is a definite 
relation between electrode separation and depth, the factor being to 3, 
depending on conductivity contrasts involved, 

'H. Haalck, and A. Ebert, :55eit. Geophys., 8(8), 4:09-419 (1932). 
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3. Interpretation procedures applied in electromagnetie-galvanic pios- 
pecting vary with the completeness and nature of observed field parame- • 
ters. If only the direction of the field is measured (Elbof method), inter- 
pretation has to be largely qualitative. The direction of the field obtained 
with a vertical pickup coil, or the strike and dip of the ellipse of polariza- 
tion determined with a coil rotatable about 
both a horizontal and a vertical axis, is a 
function of (a) the normal ground field due to 
the regular current distribution between two 
point or line electrodes, (6) the field produced 
by subsurface current concentrations, and (c) 
the field of the generator leads. The normal 
field can be calculated from relations previously 
given for the potential field. It is expressed 
by*" H = VX" 4- Y* = m/n - l/r-,).10"*' 



4 

Fig. 10-89. Magnetic field 
due ta currents between two 
electrodes. 


(Gauss), where the total current J is in amperes 
and r is in raetere (see Fig. 10-89) . The field direction is given by tan a = 
Y/Xin the horizontal plane and hy tan ^ = Z/H in the vertical plane, 
where the components due to subsurface conductors follow from eq. (10- 
46a). A similar relation applies if the field of the cable is used for eom- 
parison as in the Haalck method (see page 765). 

When the field intensities are measured at low frequency, phase shifts 
are small and the observed anomalies may he compared to advantage with 
fields calculated for simple geometric bodies as shown below. This pro- 
cedure is likewise applicable when the components have been measured 
separately with a compensator and normal fields and cable effects have 
been deducted. 

The electromagnetic anomalies of subsurface bodies may be determined 
with sufficient approximation by assuming equivalent current concentra- 
tions in such bodies. Hence, if the width of an ore body is small compared 
with its depth, the total field is T = 21' /r (see Fig. 10-92a), where r is 
the distance to any point at the surface and I' is the current in the con- 
ductor. In the following equations, let d be the depth of a current con- 
centration and X, Y, and Z be the components of the electromagnetic field 
(where X is the horizontal strike component, Y the horizontal component 
at right angles to the strike, and Z the vertical component). Further, 
let y be in the direction at right angles to the strike, x in the direction 
parallel with the strike, and (p be the angle between y and r. Then the 


J. Koenigsterger, Phys. Zeit., 28, 342 (1937). Graf, Zeit. Geophys., B(8), 
331 (1929); and Beitr. angew. Geophys., 1(3), 286 (1931). 
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X component is zero and the other components are given by Y = T sin tp 
and Z = T cos (p. Since cos <p = y/r and sin 45 = d/r, we have 


and 


21' A _ 21' A 


21'y _ 21'y 


> (l0-46a) 


Since dYjdy = 0 if y = 0; dZ/dy = 0 for y = ±d,Z = 0 if y = G and 
= 0 for y = 0 . 

The horizontal component has a maximum directly over the current con- 
centration {y = 0 ) and the maximum intensity is Ymax. = 2TJd. The 
maximum gradient in vertical intensity is directly over the ore body vrhere 
the vertical intensity itself is zero. A maximum in vertical intensity 
occurs on either side at a distance from the zero point equal to the depth. 
The distance between the maximum and minimum vertical intensity 
anomalies is therefore equal to 2d. For an ore body of definite width and 
infinite depth extent which can no longer be considered equivalent to a 
current concentration (see Fig. 10-92c), 


Z = 27Moge 

Ti 

Y = 27^ [<p2 zh pi). 


] 

i (10-466) 


Curves for bodies of various dimensions, dip, and depths have been 
published by Mneller.^^ Heine has calculated the electromagnetic field for 
rectangular sections of various dimensions, at right angles to the direction 
of current He assumed that the current density throughout the 

section was uniform which is permissible within the conductor itself. It 
is necessary, however, to allow also for the decrease of current density 
with depth, which was previously discussed (see Fig. 10-32 and eq, 
[10-21e]). 

Belluigi has compiled a set of curves, showing the variation of current 
in the median plane between tw'o electrodes as a function of base leiigth.^*^ 
When the current density for a given depth has been found, the electro- 
rnagnetie field components may be determined®^ for a eonductivc body of 


s^-Gerl. Beitr., 21(23), 249-261 (1929). 

W. Heine, ElektrucKe Bodeinjorschung^ 137, Bornthiger (Berlin, 1028). 
®‘‘A. Belluigi, Beitr. angew. Geoph^s., 1(4), 370 (1931). 

Ibid, 
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arbitrary section by the use of gratings similar to those applied in gra^- 
metric interpretation (see page 154). Since the magnetic field is propor- 
tional to the section of an element in which the current density is uniform, 
the field components are, for an element dydz traversed by a current in 
the X direction : 


Y = 



Z = 


-2r// 




dydz. 


^ (l0-47a) 


Substituting y = 'R. cos dj z = R sm 6, and dydz = R^dSdR, we have 
for the same components 


Y = -21' j f sin SdffdR. 

COS 6d9 c2R. 


\ (10-47!>) 



Fig. 10-90. Subsurface element traTersed by current between two electrodes. 


Hence, for a plane element, as in Fig. 10-90, the intensities are given by 
Y'i.k=-2J'/ smdd^ dR 


and 


Zi.k == - 2i' 


/ Qosddd / dR. 


(10-47c) 


The fields of all elements in the section are therefore 

Y = ^ 27' (cos — cos ^i)(RkH-i Rk) 

Z = I] - 21 ' (siaSi +,1 - sin 0i)(Ric+i - Eu). 


(10-47d) 
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For a current density of 
1 anap.yiOO a unit efiect 
(Hi,k = LIO Gauss) is produced 
when cos - cos = 0.1 and 
Rk+i == 10 m. This applies to 
both horizontal and vertical com- 
ponents; for the latter, the dia- 
gram is rotated 90° (see Fig. 10-91). 

Grounded electrodes cause cur- 
rents to flow not only by galvanic 
action, but by inductive action as 
well. Since the ore body, with 
the cable or loop, acts as a trans- 
former with a short-circuited turn, 
eddy currents are produced along 
the edges of the ore body, and flow 
down the dip as well as around its 
upper edge. The latter cause the 
greatest portion of the field observed 
at the surface. The field may be 
calculated from formula (l()-46a)‘ 
by adding the efects of the two cu 
width of the ore body, we have for 



Eio. 10-91. Interpretatioa grating 
for electromagnetic-galvanic methods 
(after Belluigi), Each compartment, 
when it is traversed by current at right 
angles to its section, produces the same 
effect on the horizontal component of 
the electromagnetic field. For calcula- 
tions of the vertical component, the dia- 
gram is rotated ^0®. 

ent concentrations. With 2a as the 
le components 


y = 2W(i - -X 

Vi Ti/’ 


\ (10-48) 


where h is the induced current. 

Use of grounded cables results in a superposition of currents produced 
by galvanic and inductive action. Considerable phase shifts may occur 
between the currents, so that in the absence of definite phase data only 
approximate curves can be given for the resulting fields (see Fig. 10-92o). 
Since one side of an ore body is usually much closer to the primary cable 
than the other is, the maximum on that side is greater than the minimum 
on the far side. The latter can be brought out by reversing the position 
of the primary cable or loop. The curves shown in Fig. 10-92cf represent 
the variation of the X and Y vectors compounded from fields with greatly 
differing phase angles produced by both galvanic and inductive action. 
Separate measurement or calculation of in-phase and (quadrature compo- 
nents has the advantage of segregating the induced from the galvanic and 
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Fia. 10-()2. Horizontal and vertical field components due to galvanic and inductive 
action of vertical ore bodies. 



Fig. 10-93«. Normal field components for profile, at right angles to electrode basis 
of 200 m length, taken with 30 cycles (after Mueller). 
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normal fields. A further advantage is gained by using insulated loops 
whenever possible, because the galvanic effects are then eliminated. Since 
conditions in the field are not so simple as those assumed in the theory", 
interpretation is simplified by such applications of primary energy and 
observation methods as will produce the clearest type of indication. 

In electromagnetic-galvanic methods, corrections are required for: (a) 
cable leads, (fc) topography, and (c) normal field. The field of the cable 
depends on the position of the point of observation with reference to the 
cable. It can he calculated for all three intensity components (see 
page 777). The topographic effect may be of an electrical or geometric 
nature. The former is due to a 
distortion of current lines on the A 

ground surface (see page 702) and /Xy x 

may be determined by small-scale yy / 

experiments. The geometric in- 

fiuence is due to a change in rela- / 

tive position of ore body and plane 
of observation. A correction for 

the normal field is necessary in |\ n 

order to obtain the best picture | \ \ 

of anomalies due to subsurface j \ 1 

bodies, The normal field distri- / \ I 

bution may be calculated from \ /A 

the formula previously given (see ^ y (f J 

page 766). A better procedure is ^ 

to measure actually all field com- . Horizontal and TerUcal 

, , - . , ^ , intensity anomalies on parallel ore bodies 

poiients in a location known to be (after Lnndberg and Sandberg). 

free from outstanding anomalies 

(see Fig. 10“93(r). In the interpretation of electromagnetic survey data, 
considerable help may be expected from model experiineiits.^*' 

4. Results. Electromagnetic-galvanic methods have been used for the 
location of ore bodies and structural investigation. 

Fig. 10-936 shows two sets of carves on parallel bodies of steep dip, 
observed in Sweden. The horizontal and vertical components are those 
of a thin sheet as illustrated schematically in Fig. 10-92U. Fig. 19-94 
shows the variation in the dip of a reception frame for minimum sound 
(Elbof method) for a profile near the Horne mine in Rouyn, Quebec. The 
range in the angles is 50^ undoubtedly because the or(^ bodies are very 
near the surface. 

Various electromagnetic methods have been insed tor struetiintl studies. 


T, Sandberg, Beitr. angew. Geophys., 1 ( 3 ), 335 (1931) . He*ino, op.cit ., 141-145. 
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Fig. 10-95 shows a syncline of slates of upper DeYOiiiaii age near Meggeri 
(Sanerlaad, Germany). Results obtained there demonstrate the impor- 
tance of corrections for cable and topography. If a third correction had 



Fig. 10-94, Curve showing dip of polarization ellipse on Horne ore bodies, 
Eouyn, Quebec (after Mueser). 




Eig. 10-95. Upper curves: electromagnetic field components (in Gauss) as meas- 
ured. Loweii curves: same, corrected for cable and topographic infiuence, showing 
influence of Devonian syncline (after Dieckmann). 
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been applied far the normal field, the curves might have been improved 
further. The maximum in the Y component and the trend of the Z curve 
indicates that the syncline acts as a current concentration, probably 
because the shales in the center of the syncline are of good conductivity. 
The Haalck electromagnetic method (see page 765) was used for depth 
determination of lignite beds in the Ville area by observing changes in the 
tilt angle of the detection coil with changes in spacing of the primary elec- 
trodes (Fig. 10-96). Tor the same area, resistivity-depth curves were 
illustrated in Tig. 10-72. 



Fig. 10-96. Effect of electrode separation on tilt angle of electromagnetic field 
in determining thickness of lignite beds at Ville, Germany (adapted from Haalck). 
Left scale, electrode spacing; right scale, depth. 

B. Tuectbomagnetic Methods with In-dtjctive Power Supply 

The application of primary energy by insulated loops gives the electro- 
magnetic-inductive methods a number of advantages over the electromag- 
netic-galvanic methods- I'irst, power can be transferred to the ground 
without great loss, particularly in areas of poorly conductive surface beds. 
While galvanic methods appear to be better adapted to massive geologic 
bodies, inductive methods are more suited for slieet-like dei)osits. Good 
conductors may be reached when covered by poor conductors; depth pene- 
tration can be regulated by using different frequencies. 
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Electramagnetic-indiictive methods may he divided into horizontal- and 
verticalAoc^ methods. The choice between them should theoretically be 
controlled by the closeness of coupling (loop and geologic body in parallel 
planes). For instance^ in exploration of stratified ground, the loops should 
be horizontal; in prospecting for vertical or steeply dipping ore bodies, the 
loops should be vertical. However, a limitation is placed on this pro- 
cedure, since large vertical loops are difficult to handle and since, with 
practical sizes, their range is comparatively small. Hence, horizontal loops 
are used more extensively. The following frequency ranges are applied in 
inductive methods: (1) low frequencies (30 to 100 cycles), (2) audio fre- 
quencies (250 to 1000 cycles), and (3) high frequencies (several tens of 
kilocycles). 

1. Horizontal-loo'p methods, (a) Power supply. A large variety of 
transmission and generating equipment is available for use with insulated 
loops. A simple procedure is to feed the loop from the industrial power 
network through a suitable rheostat and transformer. This method has 
been applied where ore veins, fault conditions, and the like, were investi- 
gated in or near electrically operated mines. As a rule it is preferable to 
employ frequencies that are removed from the commercial frequencies to 
avoid interference. Gasoline-engine driven generators provide ample 
power (I to ^ kw.) for this purpose. It is desirable to provide them with 
a frequency meter or frequency bridge.*^ Tor absolute intensity measure- 
meiits with a vacuum tube voltmeter, great constancy of output®^ and 
frequency are required. 

Although of low power (1 5 to 20 watts), storage battery operated buzzers 
are satisfactory for moderate depths. Two types are illustrated in Fig. 
10-97. Motor generators have been applied Avith storage battery driven 
(6 or 12 volt) D.C. motors and A.C. generators of low or audio frequenc}". 
A acuum tube oscillators are used where both constancy of a given fre- 
quency and adjustability of frequency are desirable. Their output can he 
increased to about 80 watts when they are used with a power amplifier. 
The oscillator shown in Fig. 10-98 may be adjusted in frequency between 
5 and several hundred cycles and has an output of several watts. In the 
power amplifier shown in the same figure, the plate supply is furnished 
from an A.C. generator, rectified, filtered, and connected to the center tap 
of the output transformer and the cathodes of six screen-grid tubes. 

(6) Transfnission units. Transmission units in inductive prospecting 
have the form of extended lines, rectangles, or circles. Single cables and 
rectangles are arranged parallel to the strike and profile.s are surveyed at 
right angles to the strike. 

Caaad. Geol. Survey Mem,, 166 , ISp. 

®®Mtiller, Gerl. Beitr., 21(2/3), 241 (1929). 
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Fig. 10-97. Buzzers for electromagnetic prospecting. 




, 10-98. Vacuum tube oscillator and power amplifier for electromagnetic methods 
(adapted from Muller). 
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Tie electromagnetic fields of cables or loops are readily calculated. For 
a long cable the field some distance away is practically vertical if the 
observation points are located at the same elevation. Since the magnetic 
intensity of a current element ds at a point P having the polar coordinates 
R and a is equal to Ids sin a/R^, the normal field is 

2o = rv- (sin aa ± sin ai), 

10 r 

where r is the distance normal to the line, and the current I is in amperes 
(.see Fig. 10-99a). The minus sign applies if P is below Ei . If P, Ei , 



Fig. 10-99. Horizontal cables and loops. 


and Ei are all at the same elevation, the horizontal components are zero. 
If P is halfway between Ei and Ez, ai = aj and 


= L _ 1 _ 

5r ViT+yP 


(10-496) 


where 21 is the distance between Ei and E 2 . 

If the point P is not at the same elevation with the cable and if a line 
connecting the center of the search coil and the line Ei-Ei makes an angle 
(Pi with the vertical (Fig. 10-996), a horizontal component is produced in 
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addition to the vertical, and 


2o — (sin o !2 ± sin «i) sin tpi 


1o = (sin a 2 zfc sin ai) cos <p\ 


Xo — 0, 


> (10-49c) 


where To is the horizontal component at right angles to the line Ei-Ei , 
and Xo is the component parallel with it. 

If the line E 1 -E 2 is inclined at an angle from the horizontal, all 
components are effective and 


Zo = 


Yo = 
X„ = 


(sin Oil ir sin ai) sin cos tpi 
iUr 

(sin 0:2 zb sin ai) cos <pi 

lUr 

(sin a 2 zb sin ofa) sin sin (p ^ . 
lur 


Y ( 10 - 49 ^) 


The field of a horizontal loop (see Fig. 10-99c) may be calculated by- 
adding the fields of its straight portions, so that 


Zo - 


+ 


+ 




5 L^i sin 2o6i T 2 sin 2<X2 n sin 2az n sin 


JL “ 

sin 2 a 4 J * 


(10-496) 


At the center of a square loop with sides a, n = = rs = r 4 = r = ajy/2. 

Then the sum in the bracket is and the intensity 


7 _ 


( 10 - 49 /) 


In the central portion the fieM is very nearly uniform. Hence, formula 
(10~49J) may be applied in a fairly large area. In hilly country these 
formulas remain the same, provided the loop is laid out in a plane on a 
slope and the vertical component is measured at right angles to the ground 
surface. The field in the center of a rectangle with the sides a and I is, 
by application of eq. (10~49c), 


Zo = g'>/a2 + 6^ 


- + ~ 
a 0 


2 


(10-4%) 
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Miiller^^ has measured the field outside a rectangle 200 meters in length 
and 150 meters in width and found a decrease approximately proportional 
to the third power of distance. This is also true for the space outside a 
circular loop (see below) and is in accordance with the well-known fact 
that a closed loop is equivalent to a magnetic doublet with the moment 
IS (S = area). 

Por a circular loop of the radius R, the (axial) component Z and the 
(radial) component Yr are given by 



where J is in abamperes. The radial component becomes aero both in the 
axis (r = 0) and in the plane of the loop {z = 0). In the center (r = 0, 
= 0), the vertical component 


Zo = 


2'7r7 

iR 


{I hi abanips.) or 


irl 

5R 


(I in amps.). (10-506) 


The variation of Z inside and outside a circular loop is shown in Fig. 
10-100. For outside points, the vertical component is 


Zo = 



(I0-50c) 


For large distances the series terms approach zero and the vertical com- 
ponent is Zo = ZRV/r^ = rn/7'\ that is, the vertical component is propor- 
tional to the magnetic moment m of the loop and inversely proportional 
to the cube of distance. 

(c) Reception eqmpme7it. Reception equipment in electromagnetic pros- 
pecting varies from the simplest to the most complex, depending on what 
information about the field is sought. If only the strike and dip of the 
ellipse of polarization is desired, a simple coil with amplifier and phones 
is sufficient. For intensity measurements without reference to phase, a 
vacuum-tube voltmeter is used in the output stage of the amplifier. In- 


83 Muller, op. cit., 30(1/2), 185 (1931). 
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tensities and phases are determined in reference to the loop current 
compensator arrangements. The out-of-phase component (generally due 
to subsurface conductors) may be obtained in reference to the in-phase 
field (usually due to the loop) by the Bieler-Watson method. Fields in 
suceesswe intervals may be determined relatively by measuring the ratio 
of the field vectors and their phase difference. Finally, the in-phase com- 
ponents on successive stations may be compared (field ratiometer). 

With a reception coil of round or square shape the orientation of the 
plane of polarization of the ellipse and its projections can be determined. 
When elliptical polarization is small, this is equivalent to a measurement 
of the direction of the resultant horizontal field and the inclination of the 
field. The reception coil must be capable of rotation about a vertical and 
a horizontal axis. Transit bases are frequently used for this purpose. 




Ficj. 10-100. Fields of circalar loops: (a) inside of loop, (b) outside of loop 
(adapted from Muller). 

The standards are changed to a semicircular support in which the reception 
frame can be rotated about a horizontal axis. A small vertical circle is 
usually provided so that the tilt angle of the frame in the niiniinum position 
ina}^ be determined. The horizontal azimuth on the horizontal circle is 
read in respect to markers on the base line or in respect to magnetic north. 

The Swedish investigators have used a long staff with a horizontal cross- 
bar, about which a square frame may l)c rotated. The crossbar i.s pro- 
vided with peepsights and a clinometer so that both horizontal azimuth 
and tilt angle of the frame can be determined. Coils are generally wound 
on w’^ooden or aluminum frames. They have a diameter of 40 to 5Q centi- 
meters, from 500 to 1000 turns of wire, a D.C. resistance from to 150 
ohms, and an inductance of from i to ^ hear 3 \ The amplifiers areustially 
transformer coupled; the}^ have two to three stages; and carry headphones 



780 


ELECTRICA.L METHODS 


[Chap. 10 


in the output circuit. Eeception coils and amplifiers are common to all 
receiving arrangements discussed below. 

When the frequency is too low for audio detection, the telephone is 
replaced by a galvanometer in the plate circuit of the output stage (see 
Fig. 10-101). The sensitivity of the galvanometer is 10'® to 10'^ amperes 



Tig. lO-IOlfl. Resistance-coupled amplifier for electromagnetic prospecting, with 
output meter (adapted from Muller). 



Fig. 10-1016. Transformer-coupled amplifier for electromagnetic prospecting, with 
output meter (adapted from Muller), 

per scale division; that of the reception arrangement, of the order of 10”^ 
gauss. The amplifiers should remain in good calibration and should have 
constant gain. The latter may be expressed as galvanometer deflection 
for a given input voltage. The corresponding field is then 

XT ^V2 -.8 


(10-51) 
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where E is the e.m.f. induced in the coil of the area S and turn number iV, 
and oj is the angular frequency. 

Absolute measurements of field intensity have the disadvantage of de- 
pending on generator voltage and frequency. Hence, it has become more 
general practice to measure A.C. fields semiabsolutely, that is, in reference 



Fi< 5- 10-102. Larsen compensator with {a) resistance coupled reference, and 
(6) inductively coupled reference. 



Fig. 10-103. Compensators giving (a) intensity and phase of field and (6) 
in-phase and quadrature field. 

to generator voltage and phase. With a voltage divider or a traiisfomier 
(see Fig. 10-102) a portion of the generator voltage is carried to the field- 
measuring network by a separate cable. Two compensators for the meas- 
urement of potentials with reference to generator amplitude and phase are 
described on page 695. Adaptations of these to electromagnetic measure- 
ments are shown in Fig. 10-102 and 10-103. The Larsen compensator 
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gives the in-phase and quadrature components of the fields the former 
being obtained by adjustment of the slide wire, the latter on the secondary 
of a variometer. When the bridge is balanced, the in-phase voltage drop 
ri on the resistor R, plus the quadrature e.mJ. induced in the secondary of 
the mutual induotance M, is equal to the voltage Vx induced in the pictup 
coil: 

+ (10-52) 

at 



h Corp. 


Fig. 10-104. Compensator with amplifier and receiving coil. 

v'itli i = V/(R -b jLcxi). A complete compensator arrangement with coil 
on tripod and instrument case containing notAvork and amplifier is shown 
ill Fig. 10-104. 

Ill the method^® compensation is accomplished by creating 

in-phase and out-of-phase fields outside the detector coil. When alter- 
nating ciiiTont is passed through the primary loop in Fig. 10-105, aquadra- 

Ivceiiigsberger, Piiys. Zeit., 31 , 487-408 (1930), 36 ( 1 ), 6-8 (1934); Beitr. 
angew. Geophys., 3 ( 4 ), 392-407 (1933), 4 ( 2 ), 201-216 (1934), 7 ( 2 ), 112-161 (1937). 
W. Xiiiiicr, Beitr. angew. Geophys., 3 ( 4 ), 370-391 (1933); Phys. Zeit., 36 ( 1 ), 8-10 
(1934). A. Graf, Beitr. angew. (Geophys., 4 ( 1 ), 1-75 (1934). S. Stefanescu, Beitr. 
angew. Geophys., 5 ( 2 ), 182-192 ( 1935 ), 6 ( 2 ), 168-201 (1936). 
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tare field is eaVised by currents induced in subsurface conductors. The 
field depends on frequency, radius of the primary coil, current strength, 
and the apparent conductivity of the subsurface section. It is measured 
by a compensator coil which is connected to the primary coil through a 
''reference” transformer and mounted in the same level (A) with the de- 
tector coil, while the effect of the in-phase (primary) field is compensated 
by a neutralizing coil laid out on the ground. The detector coil is con- 
nected to an amplifier with a vacuum-tube voltmeter circuit. 

A receiving arrangement involving the determination of (horizontal) 
out-of-phase components in terms of (vertical) in-phase fields is hnown as 
the Biehr-Watson method.^^ It makes use of a dual coil receiver, con- 
sisting of a large rectangular frame rigidly connected to another smaller 


Primary CoiJ ; h'O 



Fig. 10-105. Compensator and primary loop arrangement in Koeiiigsberger 
ring indiictioii method. 

one at right angles to it. The purpose of the small frame is to pick up 
the field corresponding to the major axis of the ellipse of polarization 
(almost vertical, due to the in-phase loop field), while the large frame will 
pick up the field in the direction of the minor axis of the ellipse (Tig. 
10-106c). This field is usually horizontal, and is in quadrature with the 
loop field. The e.m.f.^s induced in the coils are pulled back into phase by 
a coiideaser across the vertical coil and connected in opposition to a de- 
tector. The number of turns in the horizontal eoil is ehanged until 
balance is obtained. The detector is a three-stag(\ transformer c<)U]>led, 

Edge and Laby, op. cf/., pp. 64-07, 283-286. H. G. I . atsun, C.'aiuid. GcdI. Sur- 
vey Mem. 166, 144-151. J. McG. Brucksliaw, Pkys. Boc. Proc., 46, 350 0^134). 
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plane-tuned amplifier 'with phones* At each station the ofeserver records 
the number of turns in the horizontal coil required to obtain a balance, 
holding the axis of the double coil vertical with the plane of the large coil 
first in a north and south, and then in an east and west direction. Com- 
pounding of the two readings yields the ratio of the quadrature horizontal 
to the vertical in-phase field and gives, therefore, approximately the ratio 
of the axes of the ellipse of polarization. This resultant may be plotted 
as an arro"^ whose direction points toward the conductor and whose length 
is greatest near its edges. Points of equal vector amplitude may be j oined 
by lines of equal intensity of the out-of-phase component. 




Eig. 10-106. (a) Double-coil arrangement in reference to polarization ellipse (after 
Edge and Laby). (6) Bruckshaw's modification of Bieler-Watson system. 

With the simple Bieler-W atson system sharp nulls are often unobtain- 
able, If the ellipse is not vertical, an in-phase e.m.f. appears in the 
vertical coil and a quadrature e.m.f. appears in the horizontal coil. Eur- 
thermore, the phase shift between the vertical and horizontal components 
is not always 90°. An instrument designed to measure any phase shift 
between the vertical and horizontal components has been constructed by 
Bruckshaw®^ (Fig. 10-1066). The circuit is comparable with that of a 
compensator if one considers the horizontal frame as ^ ^reference’’ coil. An 
inductance with resistance, as well as a capacitance with resistance, are 
connected in tw^o parallel branches to this coil and its (reference) e.m.f. 


Loc. cit 
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is split up into its in-phase and quadrature components. The currents in 
these two branches differ hy 90° if L = CR^. To measure the in-phase 
and quadrature components of the e.mi. induced in the vertical coil, the 
latter is connected across two slide-wire resistances as shown in Fig. 10-103. 
Equal sensitivity for in-phase and quadrature components may he ob- 
tained hy making the currents in both branches equal to each other and 
±45° different in phase from the main current. This is true when Za*> = 
1 /ccC = R. If, further, Law = JS + ■K 2 , and if r is the setting of the 
potentiometer in the upper branch (in-phase with Vi) and s is the setting 
of the potentiometer in the lower branch (in quadrature with Fi), the 
condition for balance is given by 

E.elative determination of electromagnetic fields may be made by meas- 
uring field ratios and phase differences in successive ground intervals. In 
other words, the field at one loca- 
tion serves as a reference for that 
at an adjacent location. In the 
application of this procedure to the 
vertical component, two coils are 
laid flat on the ground in horizon- 
tal position or are carried hy two 
surveyors with straps around their 
waists (see Tig. 10-107&). For 
horizontal-intensity determinations, 
two coils are held in a vertical posi- 
tion; their direction is kept parallel 
with the direction of strike if the 
primary cable has been laid out 
parallel with the strike. Instru- 
ments for the relative measurement 
of intensity ratios and phase differ- 
ences have been constructed as 
adaptations of potential ratiometers 
and compensator bridges. The 
type shown in Fig. 10-107a is an 
adaptation of the parallel capacity ratiometer of Fig. 10-81. Other 
compensator bridges are likewise adaptable to dual-coil ratiometer con- 
struction. 

Comparison of in-phase com'ponentB at successive stations may likewise 
be made with two coils, but this process does not require a compensator. 




I WWW — 1 


(3 P" 




c 



Fig. 10-107o. Dual-coil instrument for 
measuring intensity ratios and phase dif- 
ferences. Adaptation of capacity ratio- 
meter. 
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The coils are connected in series opposition to a detector. One coil is 
laid flat on the ground at one location; the second is placed at another 
location. With the second coil, the plane of the ellipse of polariaation is 
determined first on the second location. The axis of rotation of the coil 
is then so oriented as to be in the plane of the ellipse. After this, the 
coils are connected and the coil on the second location is rotated about a 


J. E. Hawkins 

Tig. 10-107^1. Colorado School of Mines dual-coil field rationieter. 

horizontal axis until a null is obtained. If the phase difference between 
.successi\-e locations is small, this method will give the ratio of the in-phase 
components at the two locations with sufficient accuracy. For a complete 
determination of iiiton.sity ratios and phase differenoe.s })et\v(‘en two points, 
ii throe-frame arrangement must be u.se(i.*“ 

(d) Elliptical polarization. In the discussion of potential method.s 

Siindberg, A.LM.E. Geophys. Pros., 134 (1929). 
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(page 687) it was showa that elliptical polarizatioa results from a combina- 
tioa of two vectors which differ in coordinate and phase. The combina- 
tion of two vectors that differ in direction and are in. quadrature, likewise 
results in elliptical polarization. This combination applies in electromag- 
netic methods. As illustrated in Fig. 10-108, a horizontal loop laid on the 
ground surface induces a current to flow in opposite direction along the 
upper edge of an ore body whose magnetic field at the distance t from the 
current concentration is given by the vector T. This vector combines 
with the vertical loop field 2q and is in approximate quadrature with it. 
The components of T are: Y = T cos andZ = T sin 6. The difference 



in the vertical components is Zi = Zo “ Z. If all vectors oscillate vith 
the same frequency and T = B cos at is in quadrature with Zo = A sin at, 
then 


and 


= k sin at — B cos wi sin 9 


Y = B cos at cos S. 


(10-53i>) 


. , VB2 cos-^ - Y2 

Since; in the second equation, sin wi = V 1 “ cos- at B~cos”^ ^ 

the first equation becomes, by substitution, ZiB cos i9 + BY sin 6 = 
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A- "n/B^ eos^ 9 — Y“- Squaring and dividing by and eos^ 9 give 


Z 


2 

1 



-l-2ZiY 


tan A sin^ 4- A^\ 

\ A^B^cos^O / 


= 1 . 


(l0-53c) 


This equation has the standard form of an inclined ellipse (see eq. [10-24c]), 
so thatL s 1 /A^; M s tan 6/A^; N s (A^ + sin^ 6)/A^B^ cos^ 6. The 
tilt angle \{/ from vertical is then 


o , _ 2M _ 2 tan 0 _ B^ sin 26 

tan 2 V' - _ L ^ B 2 sin * e A^ - B^cos 2 d’ 

B^cos^^ ^ 


(l0-53d) 



Fia. 10-109. Elliptical polarizatioa resulting from a quadrature fileld (produced 
by a conductor at C), Avliich is equal to the in-phase (loop) field aboye C (after Edge 
and Laby). 


The squares of the major and minor semiaxes of the ellipse are, in accord- 
ance with eq. (10-25!>), 


L + N + V4M2 -f (L - N)2 


2A^B^ cos“ S 

A' + B' T 


(ia-63e) 


For t\v(3 fields of equal maxirnum amplitude, A ^ B and tan 2p = 
sill 2<9/(l - cos 26) = tan (x /2 - 6>), so that = t/ 4 - ^/2. Eq. (l()--53e) 
is then a, h = B cos 0 /\/ 1 ip ^i^ 

Fig. 10-109 shows the variation of compression and tilt angle of the 
polarization ellipse^ with distance for a conductor carrying a ciiiadraturc 
current at depth (/, If the out-of-phase field is directly above the con- 
ductor, it is equal to the in-phase field (A ^ B), and if T declines from 
there in proportion to d/r (since Tmux. - 21' Jd and T = 21' /r), it is seen 
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that B declines in the same proportion, so that B = Bmai. djr. Since 
Bniax. = A, B = A COS 9, so that by substitution of the above and of tan = 
y Id in eq. (lO-SSd), 


tan 2^ = 


sin 20 

eos 29 — tan^ 6 — 1' 


(10-54c) 


The axes of the ellipse follow by substituting B = A cos 6 in eq. (10-5Se) 
and by dividing the result by B^ : 

a^ t = — — ?? . (10-546) 

2 + ta,n^ 6 + — \/l — 2 cos^ ^ — 3 cos^ 9 
cos^ 9 


Further relations for elliptical polarization may be developed by con- 
sidering different surface variations of the quadrature fields and different 
ratios of their maximum amplitude to the loop field. 

(e) Theory of interpretation. Although, for complete definition, the 
electromagnetic field theoretically requires sk quantities (three compo- 
nents and their phases) , it is seldom necessary to determine all of them. 
If the primary loop has been laid out parallel with the strike, the X com- 
ponent is generally negligible, and measurements are concerned vith the 
in-phase and quadrature constituents of the Y and Z components only. 
Of these, the vertical and horizontal quadratui'e components are of greatest 
diagnostic value. 

From the theoretical relations given below for the out-of-phase fields 
produced by various geologic bodies, the requisite formulas for any other 
electromagnetic method not directly measuring these components may 
be deduced. For instance, the horizontal and vertical direction of the 
field determined with a simple induction coil follows from the character- 
istics of the ellipse of polarization, that is, hy compounding the in-phase 
loop field Avitli the quadrature field of subsurface bodies. Intensity ratios 
and phase differences (as determined by ratiometers) may be calculated 
by compounding the loop field \Yith the subsurface fields and thoircorrect 
phases for successive points, 

Interpretation of results obtained by inductive-electromagnetic met hods 
in mining differs greatly from procedures applied in the investigation of 
stratified ground. Absolute values for the magnetic fields of subsurface 
currents may be calculated if the strength of the induced current is known. 
It is difficult to determine these currents theoretically. Howi^ver, sinca^ 
most inductive procedures measure the magnetic field relatively, it is suffi- 


'•’* li long gr ON tided cables are used, the observed fields result from n cuinbiiiatioii 
of in-phase components (clue to comliictioii) witli cpiadrntiirc fields (due to induo- 
tion), and the phase shifts are calculated accordiagly. 
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cient to consider the induced current as a constant parameter as far as 
applications in mining are concerned. For stratified ground, expressions 
for the relation of induced and primary current will be given later. 

The type of indication produced by current concentrations in subsurface 
ore bodies depends primarily on their geometric disposition. The mag- 
netic fields follow from relations previously given (eq. [10-4:6]). As shown 
in Fig. 10-110, relations are identical for electromagnetic and inductive 
methods for a single current concentration (thin vertical ore body). In 
this case the eddy currents flow in a vertical plane around the sheet. The 
effect of the return circuit at the bottom and at the sides can be dis- 
regarded, and formulas (10-4:6a) then apply. 

In a wide ore body the induced current flows in opposite directions on 
opposite sides. Disregarding the effect of current concentrations on the 



Fig. 10-110. Calculation of electromagnetic fields produced by currents induced 
in various types of ore bodies (current concentrations indicated by dots). 


bottom of the body, the horizontal component due to the upper concen- 
trations is 


Y 



Shy ad 

{y^ + + d^y — 


(10-55a) 


The vertical components are additive, so that 


\ n n J 


Ahaja^ + - y^) 

(y^ + d^y — 


(10-55b) 


if the zero point of the coordinate system is above the center of the 
ore body. 

Ill a thin horizontal bed the current distribution is the same as in the 
upper surface of a wide vertical ore body. Therefore, the horizontal and 
vertical components are given by the preceding formulas. In a dipping 
thin ore body the eddy current will be concentrated along the upper and 
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lower edges. When the sheet is short, the lower current concentration is 
effective. If we place the zero point of the system of coordinates above 
the upper edge of the ore body, we have, with the notations of Fig. 10-110, 


and 



(10-55c) 


(10-55d) 


In structural and stratigraphic investigations, both fixed loops and ex- 
panding loops are applied. The former procedure is known as the Sand- 
berg inductive, and the latter as the central ring induction (Koenigsberger) 
method. Interpretation theory in the first is based on an evaluation of 
the fields of thin layers of good 
conductivity in a section con- 
sidered a poor conductor. In the 
second, the effect of a section of 
progressively increasing thickness 
is evaluated as the radius of the 
primary loop is expanded. The 
theory of the first method has 
been developed by Levi-Civita, 

Sundberg, Rostagni, Hummel, 

Hedstrom, Focken, and others. 

A list of pertinent literature is 
found in Focken’s article.^^ 

Assume that a long cable is laid 
out on the ground surface in the r direction (Fig. 10-111). A formation, 
whose thickness s is small compared with its depth d, is parallel to the 
surface and extends to infinity in the x and y directions. The electro- 
magnetic field is measured at a point P, whose horizontal distance from 
the cable is y and whose vertical distance from the sheet is z. If the point 
P is sensibly in the surface and if no sheet is present, a horizontal compon- 
ent does not exist and the vertical component is due only to the primary 
cable. The action of a sheet of very good conductivity is to reflect the cable 
and to produce, at twice the depth of the sheet, an image current concen- 
tration with a phase shift of 180°. In that case, the total vector at P 
can be readily calculated (see beloA\0. Its vertical component is sub- 
tracted from the component due to the primary cahle; its horizontal com- 



Fig. 10-111. Electromagnetic field in P 
resulting from cable and cable image. 


ssColo. Sch. Mines Quart., 32(1), 225-252 (Jan., 1937). 
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ponent is likewise readily ob tamable; and a phase shift beyond 180° does 
not occur (disregarding absorption through the overburden). As a rule, 
however, conditions are complicated by the finite conductivity of the 
sheet. The fundamental equations for the potentials of the electrical and 
electromagnetic fields of a cable in the presence of a conductive sheet have 
been derived by Le\d-Civita. The electrical forces are virtually inter- 
cepted by the sheet and need not be considered. The potential (/of the 
electromagnetic field is given by 


U = -2Joe 




- log 




4^1 
q dz 



( 10 - 56 ) 


in which Jo sin oitis the current in the primary cable, and ra are distances 
(as in Tig. 10-111), and q is an induction factor. The first part of this 
expression indicates the direct effect of the cable at the point P if the sheet 
is not present; the second is the effect of a perfectly conductive sheet, 
equivalent to a field 180°" out of phase caused by the cable image; the third 
is a quadrature term indicating the phase shift resulting from finite 
conductivity. 

The induction factor q is defined by 

q = (10-57) 

Pohm— cm 


where J is the frequency in cycles per second and R is the resistaiice of 
1 cni^ of the sheet. With s as the thickness of the sheet and p as the 
resistivity, R = p/s. The horizontal and vertical field components are 
then obtained by differentiation of the potential given in eq. (10-56). 
There is no strike component ;X = 0, Y = — /dz, and Z == dU/dy. 

Hence, 


2Joe 


(-i)ra 


Z — — 2 Jo e 


<-i)ra 




(10-58a) 


Since rt = i/' -|- (z - rf)' and rl = / + (z + d)' for 2 > 0, 


Y 

Z 


= 2/n sin co( 


= 2/0 sin co/ 




2 Jo cos 


(it + dy- - f \ 

\ q^2 / 


“b 2 Jo cos bit 





(10-586) 
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For the field at the earth’s surface, where z is always closely euough equal 
to d ia level terrain, 


and 


Y = 


died ( 


sin (ot + 


J_ 4d^ - / 
2dq 4d* -h 


COS (i}i 


) 


1 = 


87od" 

4d2 -1- 


- sin cot 

.V 


1 y 
dq 4d* + 2 /^ 


cos cot . 


> (10-58c) 


From eq. (10-58c) the phase shift in the horizontal component is 

1 4d^ — / 


2dq'4d2 -f f- 

and that ia the vertical component is 

1 f 


taa (fiz ^ — 


dq 4d^ + 


Their difference is 


taa (fY — tan <P 2 




(10-58^) 


(10-58^) 


(10-58/) 


Depth aad induction factor of a conductive sheet are calculated by dia- 
grams as shown in Figs. 10-1 12a and 10-1125. A large loop (about 6000 
by 2500 feet) is laid out (longitudinal direction parallel with assumed strike) 
and a number of parallel profiles are run at right angles to the cable. 
Along each profile the in-phase and quadrature components of both the 
vertical and the horizontal fields are measured at a number of distances. 
Theoretically, one distance on each profile is sufficient to calculate both 
depth and induction factor. Assume this distance to be z/ = 100 m, for 
which the diagrams of Fig. 10-112 have been calculated. These diagrams 
contain, for both vertical and horizontal component, lines of equal deptli 
(solid) and lines of equal reciprocal induction factor (1/q, dotted). If at 
lOO m distance from the cable one has observed an in-phase vertical com- 
ponent of 17^ microgauss per ampere primar}" current, and a quadrature 
component of microgauss, the depth as read from the diagram is lOO ni 
and the induction factor is 100 (meters, since the reciprocal induction factor 
has the dimension of length). For the horizontal field the in-phase com- 
ponent would be 7 niicrogauss per ampere and the out-of-phasc component 
— 2 microgauss per ampere. 

For horizontal beds the in-phase horizontal component has a maximum 
directly above the cable. For a dipping bed the image point moves to 
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one side and the corresponding maximum is displaced by Ay = 2h sin t, 
where h is the depth perpendicular to the bed and c the dip. Relations 
readily understood in their geometric significance may be obtained from 
Fig. 10-113 by considering a perfectly conductive layer, for which p = 0, 
q = oo (see eq. [10-57]). Since the quadrature components cancel, 

^ and Z = - (10-59) 



Tig. 10-112a- Sundberg interpretation dia^gram for inductive methods, vertical 
'component, 100 meters from cable. Solid lines represent depth; broken lines, l/q[ 
(reciprocal induction factor). 


These relations follow likewise by combining the primary field (Fig. 10-113, 
dotted circle) with the image field (solid circle). AtP the horizontal com- 
ponent of the primary field is zero and that of the secondary field T is 
Y = 2Iid^fr. With perfect reflection, li ^ Iq ] ^ 2d; r = 

rs = \/4^ y^‘ and, therefore, Y = 4lQd/(4:(f +• ?y^). The vertical 

component of T due to the image is (eq. [10-46n]) Z = 2Iiy/r^ or, with 
the present notation, Z = 2Joy/(4(^^ + y^). The field of the cable at the 
same point is Zo = — since r = y. Hence, the resultant vertical 

component equals 


V \ 


4d^ + 




or 


-8hd^ 

2/(4d2 yty 
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If more than one condnctiye sheet is present, the interpretation pro- 
cedure makes use of the fact (proved by experiment) that the electro- 
magnetic field beneath one conductive sheet is independent of its position. 
Hence, when two sheets occur, their effect is equivalent to one sheet, 
produced by dropping the upper sheet on the lower. The field of the 
combined sheet is therefore given by the depth of the lower sheet and 
the sum of the induction factors. The procedure of depth determination 
has been described in detail by Smidberg and Hedstrom.®® 

In the central-ring induction method the fundamental theory is the same 
as that discussed above, except that the 180° component practically 
vanishes and the quadrature component predominates. The magnetic 
field inside the loop is proportional to the conductivity of a portion of 



Fig. 10-113. Combination of primary and secondary fields for perfect conductor. 

ground whose depth is roughly equal to the radius R of the loop. The 
arrangement used by Koenigsherger and his associates is illustrated in 
Fig. 10-105, and references to the pertinent literature are given on page 782. 
Only the vertical component is measured. The magnetic field in the loop 
is affected by the ground conductivity and differs from the field of a loop 
suspended in air. 

As shown in eq. (10-58), the field near a straight cable is composed of 
(1) the direct vector, (2) the vector due to the image of the cable, and (3) 
a vector arising from finite conductivity of the bed. Since the first two 
are in opposition and in quadrature with the third vector, the vertical 
component for any medium below may be written Z = Zp + jZq , where 

Sundberg and Hedstrom, World Petrol. Congr. Proe., B(I), 107 (1934). 
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Zp is the eombiued in-phase component and Zq the quadrature component. 
According to Stefanescu,®’' the 180° component is negligible for low fre- 
quencies, andZp = 27rio/R (field in air, see eq. [10-50&]). The quadrature 
component isZ^ = where io is the loop current, R its radius, and 

an induction factor similar in siguificaace to the factor q previously 
defined by eq. (10-57). Since k‘ = (oj = frequency, er = conduc- 
tivity), the quadrature component is 


P P 


(10-60a) 


where h is in amp., R in cm, / in c.p.s., and p in ohm-cm. 

As a rule, the ground is not homogeneous, so that when the loop radius 
is increased, beds of different conductivities affect the magnetic field. As 
in the resistivity method, formula (lO-fiOu) is still applicable, provided 
that p is understood to represent now an apparent resistivity, , which 
in accordance with (10-60a) follows from the observed parameter, ZqJI 
(quadrature field in gauss/amp. primary current) ; 


Pa = 12.d. IO'VR. ~ . (10-60h) 

Lq/1 

In resistivity methods the effect of layers of different conductivity is 
calculated by reflecting the source on the formation boundaries. The 
same procedure is applicable here, with the significant difference that, for 
each interface, only one image is required.®^ The analysis is simplified 
considerably by considering low frequencies only, in which case the 180° 
field is always zero and the quadrature field is given by Zq = 
— dZoldf. 

If a circular loop energized by low-frequency current is suspended at 
an elevation d above an interface (for example, the surface of the ground), 
the magnetic field at any point P(z) in its axis is equal to the gravity potential 
oj c disk at a depth 2d (see Fig. 10-114:) of thickness 1 and density 2'7r^/o<ri , 
if cTi is the conductivity of the medium above which the loop is suspended. 
The gravity potential above a disk at a distance h from its center is given 
by f ' = 27rG5 dh(r — A),^where Gis gravitational constant and 5 is density. 
If dA = 1, <7S ^ h = 2d — z, and = R." -f- {2d — ^)“, the magnetic 
field at the poii^. P is 

Zq = 2r5i[VR" +T2ff - zf - (2</ - 2 )], (lO-filu) 

so tliat when P is moved up to the center of the loop (z = 0), 

Ze = 25r5i[v'l^T*4^^ - 2(fJ. 


Beitr. angw. Geophys., 6(2), 188 (1035). 
98 Ibid. 


( 10 - 616 ) 
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When the loop is laid out on the surface of the ground (cf = 0), Zq = 2t5iR. 
Substituting the eleetrical density 2 t%o-i , 

Zq = 4:T^lQ(riR, (10~61c) 



Fig. 10-114. Representation of magnetic fields of loops by poteAials of disks and 
disk images of equivalent densities. 

This is obviously the same as eq. (10-60a), differentiated with respect to 
/. When the ground is not homogeneous, the same relation can again 
be used for an apparent conductivity, so that, analogously to eq. (10-606), 

Zq 


(Ta = 


(10-6M) 
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By analogy with the gravitational potential, the magnetic field for two 
layers with conductivities a\ and o-j is readily obtained (see Fig. 10-114). 
A.S the loop is on the ground surface, the magnetic field due to the effect 
of the upper layer is equal to the potential of a disk with the density 
5i = 2Tr‘loo'i in its own plane. The effect of the interface below is given 
by the potential of a disk at twice the depth of the interface di with the 
density 82 = 2TrIo{a-i — ci). The magnetic field due to the latter is 
therefore, according to eq. (10-616), 

Zg = 2x82 [VR' + 4dl - 2di], 

to which must be added the field of the disk inside the loop, so that 

Zq = iw /o{criR “h (o'2 — -f- 4di — 2di] } , (10— 62a) 

from which the apparent conductivity is 

<r^ = ct + ^ H- 4d? - 2dJ . (10-62b) 

For small values of R, or small depth penetration, the second term in eq. 
(10-626) approaches zero, and therefore the apparent conductivity ap- 
proaches the conductivity in the upper lawyer. On the other hand, if 
di « R (large loop radius), the apparent conductivity approaches a-2. 

If two interfaces exist (see Fig. 10-114), the magnetic field is composed 
of three potentials: (1) due to the surface disk with density 5i , (2) due to 
the disk image of density 62 , and (3) due to the disk image vith density 
^3 = 2Tr laicrs — 0*2) • Hence, the magnetic field 

= 4x®/o{<riR + (0-2 - 0-1) [ Vr' + idl - 2di] 

, (10-63a) 

“b ((Tj — cr2)[VR^ -f- 4^ — 2 (^ 2 ] } . 

The apparent conductivity in this case is 
Ca = (Ti + ~ [a/r^ "f Idi — 2(ii] 

(10-636) 

+ [Vr^ -h idl - 2il 

J\ 

It follows from eq. (10-636) that the effect of the interface on the 
apparent conductivity is given by 

[VR^ + idl - 2£iJ. 

Substituting the ratio la = R/2f4 ? 

^a,a = ” [Vr^^ 1 - 1]- (10-64) 
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Fig. 10-115 shows in double logarithmic scale a diagram for the calculation 
of the function of eq. (10-64). 

(/) Model experiMenf^. In the interpretation of field data obtained by 
horizontal loops, experiments with small-scale models play an important 
part. They are applicable to both mining (ore bodies) and oil exploration 
problems (stratified ground). To obtain perfect similitude, it is necessary 
to change the physical properties of the materials as well as the frequency.^^ 
If the fields are expressed in terms of primary current ai^.d the model scale 
is reduced n times, it is necessary to increase hoth frequency and conduc- 
tivity n times. If the conductivity cannot be increased n times, it is 
necessary to increase the frequency times. 



Fig. 10-115. Diagram for the ealculatian of apparent conductivity cas a function 
of conductivity contrast on the n th layer, and of the ratio of loop radius (— R) and 
layer depth (= dn) (after Stefanescu). (ISTote : for read rn.) 


Extensive experiments with model ore bodies have been made by Lund- 
berg, Sundberg, Hedstrom, and their associates. Some of the results are 
reproduced in Figs. 10-116 to 10-118. Fig. 10-116a represents the dis- 
tribution of the vertical primary^ field inside the loop as well as the vertical 
and horizontal components of the (combined primary and secondary) fields 
without regard to phase, for a v^ortical ore body, llie anomalies are sym- 
metrical, the vertical iiitensity having a maximum over the center of th(‘ 
body, the horizontal intensity two maxima (nun* th(^ edges. When the ore 
body is dipping (Fig. lQ-1166), the maximum in vertical intensity over the 
up-dip edge of the ore body is greater than t he anomaly over tlu^ down-di]) 
edge. A clearer picture of conditions is olM-ained Avhen the field vectons 
are split up into their in-phase (P) and quadrature (Q) com])onents 

Sundberg, Beitr. angew. Qeophys., 1(3), 334 (1931). L, B. Sliohter, A.I.M.E. 
Gcophys. Pros., 446 (1934). 
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(Fig. 10-117). It should be noted that these experiments represent a 
combination of electromagnetic and inductive methods, excitation being 
produced hy a long grounded cable. Hence, the effects of current con- 
centration due to conduction are superimposed upon those due to induction. 



10 50 70 60 90 

Cmdinafes 



W 

Fig. 10 - 116 . Vertical and horizontal components (without regard to phase! of 
induced electromagnetic field for: (a) vertical ore body, and (h) dipping oro body, 
in center of rectangular loop (after Simdberg). 

The former produce largely the in-pliase (P) component, while the latter 
give rise to the quadrature (Q) component. The current concentrations 
for the Q component are near the edge of the conductor (skin effect), while 
those responsible for the P component are more toward the interior of 
the conductor. 
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Fig. 10-118 shows the effect of a plate on both, the amplitude and the 
phase of the horizontal component measured across the cable. The 
gradient of both amplitude and phase decreases with the depth of the plate. 
This example represents one of the earlier applications of the Sundberg 

method; in later surveys, in-phase 
and quadrature components were 
measured at definite distances. 

(g) Remits obtained by horizontal 
loop methods. Inductive methods 
were used at an early date in the 
Skellefte district in northern Sweden, 
where the overburden is relatively 
thin, and fairly ideal conditions 
exist. The general geology of this 
district has been previously de- 
scribed (page 703). A number of 
typical indications obtained in sev- 
eral ore fields have been published 
by Lundberg, Sundberg, and Ek- 
lund.^^^ The profile shown in Fig. 
10-119 was surveyed on the ice 
of Lake Menstrask. Geologic and 
electrical prospecting was begun in 
1921 and continued through 192S- 
1924, but drilling was not started 
until 1923-1024. The ore bodies 
occur in two zones, the principal 
zone passing beneath the lake. 
The country rocks are quartz-por- 
phyritic or brecciated halleflintas; 
layers of slate are common. The 
ore bodies are partly in graphitic 
slate containing disseminations of pyrite and pyrrhotite and partly on 
the contacts of slates and halleflinta. They consist chiefly of pyrite, but 
copper is also present. About 150,000 electrical observations were made 
in this field, supplemented by torsion-balance observations to differentiate 
between impregnations and ore bodies. While most of the drilling located 
ore under the electrical indications, nothing but black slate was encoun- 
tered in one part of the field. 

loo Sundberg, World Petrol. CoEgr. Proc., B(I), 107 (1934). 

H. Lundberg, K. Sundberg, and E. EMund, ‘Tlectrical Prospecting in 
Sweden/' Sveriges Geol. Unders. Arsb., 17(8), 37-73 (1925). 



Fig. 10-117, In-phase (subscript P) 
and quadrature (subscript Q) compo- 
nents of electromagnetic fields produced 
by galvanic and inductive action of a 
long grounded cable on dipping (model) 
ore body (after Hedstrom). 
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PMe 

Tig. 10-118. Model experinient on hoiizontal plate, showing variation of am- 
plitude and phase of horizontal conpoaent across cable (after Friedl). 


By the same teclinique as that 
illustrated in Fig. 10-119, luimer- Z \ ''v 
ous ore todies have been located A / \ 

in the Swedish fields, among them / V \ \ 

being the large gold (arsenic /\dom(krf\ A, 

copper) deposit of Boliden. In y \ofOrfj 

northern Canada and Newfound- *T ' / / 

land electromagnetic-inductive \ f / 

methods have likewise been ver^’ ^ —— — 

successful. Fig. 10-120 shows the ^ 

results of a dual coil ratiometer 0 w iff 30 

survey. Amplitude ratios and n ^ J ' 

phase differences of the vertical N. J 

field were measured at successive 

locations 20 meters apart. The I'ig- 10-119. Electromagnetic indica- 
position of the coaductor is indi- 

^ mond drilling (after foimaberg, Lund berg, 

cated by the peaks in the ratio and and Eklund). 

phase gradient curves. A method 

of calculating the in-phase and quadrature components of the vertical 
intensity (Zp and Zq) from the phase differences and amplitude ratios 
is indicated in the calculation form. By combining electromagnetic 


102 H. Hedstrom, A.I.M.E. Tech. Tubl. No. 827, 1937. 
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and the inductiYe methods as here discussed and using phase difference 
and amplitude ratio for interpretation, it has been possible to locate not 
only good but also poor conductors. 

The Imperial Geophysical Experimental Survey carried out a number 
of surveys "with the Bieler-Watson method. Fig. 10-121 shows direction 
and amplitude of the horizontal quadrature field for a survey at Leadville, 
N.S.W. The ore bodies, 100-200 feet long by 15-20 feet wide, consist 
of pyrite, chalcopyrite, galena, and zincblende, and occur on the contact 
of porphyry and highly altered sedimentary rocks. Oxidation is fairly 
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Fig. 10-120. Observations of phase differences and vertical intensity ratios with 
calculations of in-phase {Zp) and quadrature {Zq) components across a conductor 
(adapted from Hedstrom). 


deep. At the Grosvenor workings, the depth is from 80-100 feet; in the 
Extended Workings, about 70 feet. The most pronounced indication was 
obtained over the Eastern Lode (60 feet wide) of the Extended Workings. 
A similar survey was conducted at Eenison Bell, Tasmania, on flatlying, 
outcropping lodes of pyrrhotite on the contact of tuffs and slates. 

Figs. 10-122 and 10-123 illustrate the application of the Sundberg in- 
ductive method in stratigraphic investigations. Fig. 10-122 represents 
results obtained with the earlier technique w^hen amplitude and phase 
profiles of the horizontal component were measured. They demonstrate 
clearly the effects of differences in depth on the gradients of intensity and 
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phase curves. Fig. 10-123 indicates the position of an equivalent deep 
conductor on. the Hawkinsville salt dome. B7 the mapping of such beds, 
the outline of a salt plug, in addition to the structure of the flank forma- 
tions, may be determined. Siindberg^®^ has further described the results 
obtained at the Moore’s Field dome, Ft. Bend Co., Texas, illustrating the 
usefulness of the inductive method for mapping details of formations 
around a dome, and for locating faults. A survey of the Bruner field, near 
Luling, Caldwell Co., Texas, (Balcones fault zone), has been discussed by 
Zuschlag.^®^ 
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Fig. 10-121. Bieler-Watson vectors of quadrature horizontal component at Lead- 
ville, New South Wales (after Edge and Laby). 


2. Vertical-loop -methods. Vertical transmission loops are used in some 
inductive methods with audio- and high-frequency excitation. was 
previously stated, t}ie?y afford a closer coupling with vtutical or steeplv' 
dipping ore ])odies, as Avell as reduction of interference from highl\' con- 
ductive surface bods. This advantage is offset b}' tlie difficulty ot cM'o(‘ting 
loAV-freqiiency vertical loops in the field and by their lack of magm'tic field 
strength. The range of vertical audio-frequency loops is limited and ot 
the order of 500 feet. Tiiangiilar loops Avere used by the LCl.E.R. (height 

103 Inst. Petrol. Technol J., 17(92), 376-380 (June, 1U31). 

A.I.M.E. Geophys. Pros., 156-157 (1932). 
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^ / \ ^ « 45 feet; base 133 feet) and 

j \ by Mason, with, their 

! plane parallel with the as- 

Id- / \ sumed strike. Thel.G.E.S. 

/ \ employed a Bieler-Watson 

' V coil to determine the quad- 

^ 9r ' ■ f60^ ratnre field in terms of the 

loop field. 

0.5 ^ The lack of penetration 

Cabk associated with the use of 

audio, frequency in vertical 
loops may be overcome by 
excitation with higher fre- 
^ ^ quency. The I.G.E.S. em- 

■ Y ployed frequencies around 

60 kc., the Radiore Com- 

• pany about 50 kc. On the 

0,5' other hand, there is a def- 

Cabk inite upper limit to fre- 

y^/0>.\\.y/y>>S.\y>XA\vy/>^xv\yy>v' ’ v\vv>'>x’<\V/>x\.Syx/>.\W/yk’>o ■• . , i . t 

quency, due to the tendency 

^ of noncommercial conduc- 

Fig. 10-122. Horizontal component and phase 

of horizontal component for beds of different tors (water-beanng fissures, 

depths in Vienna basin (after Fiiedl). and the like) at shallow 

depths to become energized. 
In application, a vertical transmitting loop is set up with its plane ap- 
proximately parallel with, and (if possible) directly above a suspected con- 
ductivity zone. A certain distance away a receiving coil is placed with 
its axis of rotation horizontal, pointing toward the transmitting loop. The 
field of the transmitting loop at the location of the receiving coil is hori- 
zontal if the centers of both are at the same elevation. The magnetic field 
of the transmitter induces 


Fig. 10-122. Horizontal component and phase 
of horizontal component for beds of different 
depths in Vienna basin (after Fxiedl). 


currents along the edge of 
a subsurface conductor. 
These currents, in turn, are 
surrounded by an electro- 
magnetic field. This field 
combines with the loop field 
into a resultant vector, 
whose direction may be de- 
termined by tilting the re- 

Geophys. Pros., 

13 (1929). 



Fig. 10-123, Equivalent conductor determiaed 
by application of inductive methods atHawkins- 
ville salt dome, Texas (after Sundberg). 
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ception coil about a horizontal axis until a minimuixi is obtained. The 
current concentration may thus be located by measuring dip angles 
along a profile at right angles to the strike. Contrary to low-freqiieney 
verticaUoop methods, the loop field and the subsurface field are very 
nearly in phase; elliptical polarization is negligible and sharp minima are 
obtainable when the reception coil is tilted. The Eadiore Company 
employed a portable transmitter in the form of a circular coil with the 
oscillator built into its base, supplied with plate voltage by a hand- 
cranked alternator.^^^ deceiving coils consisted of several tens of turns 
of wire wound on bakelite hoops 1 to 2 feet in diameter, mounted on 
transit heads in place of the telescope. 

If the magnetic field surrounding a subsurface current concentration 
alone were present, its direction at any point A on a profile (see Tig. 10-124) 



would be given by the vector T, and would coincide with the direction of 
the plane of the detection coil in the minimum position. If normals were 
drawn to this position at all points, they would intersect in the subsurface 
conductor. However, the horizontal field Ho of the transmission loop 
combines with the subsurface field T to form the resultant field vector R, 
whose direction is that of the detection coil in the minimum position. 
Therefore, the normals to the direction of the coil will intersect the vertical 
at progressively deeper points CC' as the distance of points A Irom the 
point 0 increases. The conductor may nevertheless be located by the 
procedure of drawing an index curve: At any point (A) the normal to the 
vector R or to the plane of the detection coil is drawn to the intersection 
with the vertical at the point C. Through C a horizontal line is drawn to 

Illustrated in J. Jakosky, I.R.E. Proc., 16(10), 1344 (Oct., 1928). 
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the intersection with the vertical from ^ in JS. B is then a point on the 
index curve. Other points are similarly located. The apex of the index 
curve is the conductor. Actually, index curves are more complex, de- 



Fig. 10-125. Index curves obtained in Zeehan copper-nickel field (Tasmania) by the 
high-frequency method (after Edge and Lahy). 


pending on the shape of the conductor. Furthermore, a considerable 
modification is introduced because a refraction of the wavefront W occurs 
at the earth^s surface. 


Ibid. 
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Considerable ground was covered with Mgh-frequency methods about 
ten years ago in Canada and elsewhere, and numerous conductive zones 
were located. Some proved to be commercial ore bodies; but others, and 
probably the majority, did not. Because of this experience the trend in 
inductive methods has been consistently toward lower frequencies. On 
the other hand, the I.G.E.S. has reported fair success Avdth high frequencies. 
An example is shown in Fig. 10-125. This survey was made in the Zeehan 
copper-nickel field where the ore occurs near the peiidotite and pyroxenite 
portions of basic dikes intruded into Cambro-Ordo\dcian slates. The ore 
is a mixture of pyrrhotite, pentlandite, and chalcopyrite. The more 
uniform indications were obtained in the southern part of the area (lines 
45, 46, and 49). The three remaining profiles are located in the north- 
eastern part of the area where the trend of the dike is northeast instead 
of north. The effect of differences in the depth (and width) of the ore 
bodies is clearly recognized. Indications in the northeastern portion of 
the area were verified by trenching. 

IX. RADIO METHODS 
A. Gen-eral 

‘^Radio’^ methods of electrical prospecting make use of frequencies 
ordinarily employed in wireless communication. They range from several 
hundred kilocycles to several megacycles (corresponding to a wave length 
of several kilometers to several hundred meters). In regard to their 
mineral-locating possibilities, radio methods 
have been fertile soil for the imagination 
of laymen, radio amateurs, and even phys- 
icists. While theoretically the conditions 
for locating ore bodies or oil by radio waves 
appear to he very simple, there are, in prac- 
tice, innumerable interferences from topog- 
raphy and near-surface variations in mois- 
ture and mineralization . Further, the depth 
penetration is very limited in the type of 
ground occurring in temperate climates. 

Where indications from deep ore bodies or 
oil deposits have been obtained, it has not 
been definitely proved that the indications 
did not come from shallow petrographic or 
structural variations genetically related to 
the subsurface mineralization. 

In the application of radio methods to 



Eiq. 10-126. Attenuation iu 
sheet 124 feet thick, for vari- 
ous resistivities and dielectric 
constants (after Joyce). 
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geologic problems, the theoretical assumption of a simple radiation wave 
is frequently not justified and all field components must be considered, 
particularly at points close to the source. Assume a radiating doublet 
source of pole distance in a medium of the dielectric constant /^ = 1 , the 
permeability ^ = 1, and the conductivity (7 = 0. At a point F in the 
vicinity of this doublet, with the polar coordinates r and (p in reference to 
the center of the doublet, the magnetic and electrical field intensities due 
to a periodic charge e = co sin oit are given by the following equations 


H = 

E,= 


— sin ^ - CO 
rc \r 

(i . 

iin^(^-,si: 


cos (lit “ sin cot 


sin ^ - sin (oi +• - cos — o) sin wi 


( 10 - 65 ) 



-2— cos^ 
r 




sin oct + ~ b) cos (Jit 
r 


where H is the magnetic field, the tangential and the radial electrical 
field, and c is the light velocity. The first term in the electrical field ex- 
pressions [(cV?’^) sin cofl represents the electrostatic component of the 
doublet, decreasing with the inverse cube of distance. It is independent 
of frequency and important only in the immediate vicinity of the source. 
The second term [(c/r)w coscof] is the induction effect, inversely proportional 
to the square of distance and proportional to frequency. The third term 
sin wO represents the radiation component, which is inversely propor- 
tional to the first power of distance and directly proportional to the 
square of the frequency. The last term is the only one important in 
long-range radio communication. If the distance r has reached the value 
of X/27r, the first and second terms (static and inductive) have dropped to 
the amount of the radiation term at that point. The electrical field 
strength is of particular interest in the equatorial plane (9 = 90'^). 
With the phase shift \l/ = rw/c, the equatorial electrical field strength 


E= - 


Coi 




( 10 - 66 ) 


Substituting 03 — 2 rcJ\ and r/X = r, the relative field in terms of wave 
length is 


EX' 


coZc" 




cos 2 t 



{10-67a) 


Hummel, Zeit. Geophys., 6(3-4), 109 (1920). 
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whose root-mean-sqiiare ralue is 


F' = 



(10-676) 


This expression is virtually the same as the radiation component from 
a distance of X/2 t (or x = 0.159) and outward, but in the near-zone this 
field is very much greater than the radiation component. Hence, the 
static and inductive field components must be considered in problems 
involving distances from the conductor of less than § to f wave length. 
In all electrical methods previously discussed, only the induction com- 
ponent of the magnetic field (eq. [10-65]) is measured, and the radiation 
component is neglected. 

If the source of radiation is in or beside a conductive medium, the elec- 
trical and magnetic field components decrease more rapidly than stated 
in eq. (10-65). This attenuation is largely due to the skin effect (see 
page 652 and 685). In the formulas previously given, the displacement 
current was neglected. If this is now considered, the ^Transmission 
factor'^ may be written 

T.F. = € (10-68a) 


where d is depth, c light velocity, k the dielectric constant, / frequency, 
|i permeability, a conductivity, and lengths are in cm and physical con- 
stants in e.s.u.’s. IJsually, the ground permeability is unity, and the 
transmission factor becomes 

which for k: = 0 is identical with formula (10-236). Tor a layer 124 feet 
thick, Joyce^°^ has calculated the attenuation for various resistmties and 
dielectric constants (Fig. 10-126). The dielectric constant is effective 
only when it is accompanied by high resistivities; it causes the curves to 
branch at the higher frequencies only (10^ to 10^). For most geoph 3 ^sical 
applications, the simpler formulas are therefore sufficient. The depths at 
which a wave with horizontal front decreases to one-half of its initial 
amplitude may be obtained from Tig. 10-127. It is evident that applica- 
tion of radio methods is limited to dry climates, dry overburden forma- 
tions, interiors of salt mines, and geologic problems where subsurface 
structures are reflected in conductivity changes very near the surface. 
Eve and Keys^^^ made extensive measurements in the IMammoth cave in 


J. W. Joyce, Bur. Mines TecL. Pabl. ISTo. 497. See also A. S. Eve, and D. A, 
Keys, A.I.M.E. Tech. Publ. Ko. 316. 

Loc. cit. 
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Kentucky and found that radio broadcast waves could not be picked up 
through more than 100 feet of overburden with a loop aerial, and through 
no more than 300 feet with a long antenna. Reception dropped almost to 
zero past 20 or 30 kilocycles. 

Radio methods fall into two groups: (1) methods in which subsurface 
effects are measured by their reaction on antenna emission; (2) methods 
involving a determination of signal strength, that is, measurement at the 
receiving end. 

B. Teansmission' Measxjremektts 

1 . The quarter-wave method makes use of 
the effect of wave reflection on the emis- 
sion characteristics of the antenna. If the 
reflected wave is in phase with the trans- 
mitted wave, the antenna has maximum 
emission and the antenna current is at a 
maximum. This occurs when the distance 
of a reflecting surface is equal to one-quar- 
ter of the wave length or an odd multiple 
thereof {i — (2ii •+■ l)k/4]. The depth can 
therefore be determined by varying the fre- 
quency of the transmitter and by plotting 
the antenna current as a function of / 
Hummel has pointed oiit^^^ that the maxima 
and minima in the transmission intensity 
are not so sharp as would be expected from 
this simple scheme, since, near the antenna, 
the static and induction portions of the field cannot be neglected. The 
effect of a sheet of good conductivity in a poorly conductive medium 
upon the antenna emission is equivalent to the action of a reflected doublet 
at twice the depth obtainable from eq. (10-67(x). 

A theoretical curve expressing the variation of effective field strength 
with variation of the distance of the reflecting bed is shown in Fig. 10“128u. 
Contrary to the simplified theory, the peak at X/4 is very indistinct, and 
the minimum at 2- X/4 and the maximum at 3 ‘X/4 are more pronounced. 
Theory and experiment are in very good agreement, as is shown by Fig. 
10-128!?. The quarter-wave method is reported to have been tried in 
Southwest Africa for the location of ground water in desert areas. These 
experiments were interrupted by the World War in 1914, and little has 
become known since then about the application of the method in prospect- 



Fre^uena/, ct/cks per mond 


Fig. 10-127. Half-value 
thicknesses of absorption, for 
various resistivities and di- 
electric constants (after Joyce). 


Zeit. Geophys., lot. cit. 
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ing for water. In Russia, 

Petrowsky tried the quarter- 
wave procedure for the location 
of ore bodies but nothing definite 
is known about results obtaiiied. 

It is noted that neither theory 
nor the model experiments dis- 
cussed above make allowance for 
the absorption; therefore, the re- 
flected energy may be less than 
assumed, which would make the 
maxima and minima less distinct. 

The absorption ^onld increase Theoretical variation of 

With an increase in conductivity electrical field strength with distance of 
and frequency. reflecting sheet (after Hummel). 

2, The capacity method is based 

on the fact that the capacity of an antenna and therefore the natural 
frequency of an oscillator is dependent on the distance and electrical prop- 
erties of bodies in its vicinity. Assume a long cylindrical conductor of 
the length I and radius r in a medium with the dielectric constant #co , 
stretched out parallel with the surface of an infinite medium of the die- 
lectric constant k. at the distance d. Then the antenna capacity is 




Kjfjf 



(10»69a) 


This expression is composed of the c; ^ 

an image at depth 2c/, the reflection factor being (k — ko)/{/c + kq). Por 
K = 0, and fco = 1 (antenna in air), eq. (10-69a) becomes 



Fig. 10-128Z>. Experimental curve, determined by 
varying distance of sheet (after Hummel). See also 
preceding figure. 


C = ’ (10-696) 

It is seen that the ele- 
vation of the antenna 
above the interface is 
the predominant factor; 
hence, this method has 
been proposed for the 
measurement of the 
height of planes and 
dirigibles. Changes in 
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depth are more effective the greater the length of the antenna. Changes 
in antenna capacity are determined by measuring its length or 

natural freq[uency by (1) a resonance (Fig. 10— 129u) or (2) a heterodyne 
method (Fig. 10-1296). 

In the first method, a push-pull oscillator of variable frequency and a 
measuring circuit M with rectifier meter are coupled to the antenna circuit. 
If the antenna is in resonance with the oscillator circuit, maximum energy 
transfer occurs and the meter will indicate maximum current. The ac- 
curacy obtainable with this circuit is dX = 0.1 m and dC = 0.1 cm. 



Fig. 10-129(t. Oscillator cir- Fig. 10-1296. Beat method for measuring 
cuit in capacity-resonance changes in antenna capacity (after Stern), 

method (after Stern). 

More accurate is the heterodyne method illustrated in Fig. 10-1296, 
The frequency of the heat note may he determined by comparison with a 
fork or other frequency standard. The measurement consists of deter- 
mining the capacity of the standard oscillator to bring about a definite ’ 
beat note. Its sensitivity may be adjusted to almost any desired value. 
Since the beat note is A/ ^ ““ , (with either frequency given by 

y = 1/2t\/LC), where /s is the frequency of the standard oscillator and 
/a; the frequency of the antenna circuit, it is seen that with l/2ir\/ 1/ = p, 
the change in frequency with change in capacity is d/ = — dC, 

Therefore, since p = the sensitivity is given by d/ = — 1/ dC/C, 
It can be increased by using a high frequency and a low capacity. How- 
ever, it is preferable to increase the accuracy in the determination of the 
beat frequency. Stern^^^ states that with the circuit shown in Fig. 10-1296 
the accuracy was ±0.03 cm in dC, which corresponds to an accuracy of 
several decimeters for depths varying from 10 to 30 m. He applied the 
capacity method to the measurement of thickness of glaciers. Consider- 
able difficulties were experienced in the field because of changes produced 

^12 Gerl. Beitr., 23(3), 292-333 (1929). 
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by variations in the observer's position and because of formation of a con- 
ductive surface layer on the ice during daytime. Hence all observations 
had to be made at night. To minimize surface effects and to give the 
method some degree of depth resolution, apparent capacities for different 
antenna elevations may be observed. Eritsch^^ has published a number 
of curves obtained in this manner on a siderite mine and on caves. While 
the presence of two caves could he predicted correctly, there was too much 
interference from surface moisture, topography, and rails and pipes in 
tunnels, to make the method reliable in all cases. 

3. Measurements of antenna dam/piifig. Both the natural frequency and 
the damping of an antenna depend on the electrical properties of the sur- 
rounding media. These properties may be determined from the sharpness 
of the resonance peak; for example, from the natural frequencies cor- 
responding to half of the maximum resonance amplitude. If Cr is the 
capacity for resonance (maximum current) and Ci and , respectively, 
two capacities giving half the antenna current on either side of the reso- 
nance point, the decrement of damping is given by A ==^ -((72 — Ci)/Cr. 
It decreases with the ratio of conductivity and dielectric constant. 

C. Fiexd-Stre]S[oth Measurements 

In this group of methods both a transmitter and a receiver are required, 
and measurements are made exclusively on the receiving end. The 
transmitter is left untouched except for frequency alteration where called 
for. Broadcasting stations and amateur and other transmitters are some- 
times used, particularly for purely scientific studies. Tor mine examina- 
tions, and the like, where different positions of the transmitter are neces- 
sary, a unit specially built for this purpose is required. This unit has the 
form of an antenna or loop transmitter. On the receiving end a direction- 
finding coil is used, that may be rotated about a vertical and horizontal 
axis. Tig. 10-130 shows a heterodyne receiver used by Stern for field- 
strength measurements. In the plate circuit of the output stage is a sensi- 
tive galvanometer provided with a circuit for bucking normal plate cur- 
rent. Petrowsky^^^ has used and described a number of transmitters and 
receivers of similar construction. 

1. Ah SOT j}tion method. Related methods of intensity ^nappin^. Measure- 
ments of reception intensity as a function of the characteristics of inter- 
vening media have been made to determine the depth penetration of radio 
waves, to map faults, and to locate intervening ore bodies, cavities, or 

Beitr. angew. Geophys., 6(1), 100-119 (1936). 

A. Petrowsky, Beitr. angew. Geophys., 3(2), 149--204 (1933). 
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brines in mines. Fritsch^^^ found that broadcast signals could be received 
in subterranean cavities, that reception and penetration was better for 
waves above 600 m wave length than for waves of 200 m or less, that the 
propagation of radio waves was controlled more by geologic factors than 
by the length of the path, and that the absorption in the direction of 
strike was greater than at right angles thereto. E. Cloos^^® noted dead 
spots of radio reception on faults and observed reception’ anomalies on 
formation contacts. Such contacts may act as carriers or shields for the 
radiation, depending on their conductivity and geometric disposition. 



Fig. 10-130. Heterodyne receiver for measuring relative field strength (after Stern). 

Quantitative measurements of intensity, with constant frequency and 
constant amplitude excitation across faults, have indicated a character- 
istic anomaly. If a transmitter is set up on the down-dip side of a normal 
fault with the antenna slightly sloping toward the fault, the anomalous 
intensity shows a maximum near the suboutcrop, flanked by two minima/^’^ 
On quartz veins a similar phenomenon has been observed, the steep gradi- 
ent portion of the curve between the intensity maximum and the far 
minimum corresponding to the vein intersection with the surface. This 
indicates that a shallow phenomenon is involved. Frequencies used in 
this work were around 1900 kc. (158 in wave length); according to the 
theory discussed on page 811 their depth penetration is rather small. It 
can happen, of course, that fissures and beds of good conductivity act as 
carriers, thus making energy available at more remote points horizontally 
and vertically. 

Loc. cit. 

Amer. J. Sd., 28(166), 255 (1934). 

Win. M. Barret, U.S. Patent Ho. 2,172,6 
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It is difficult to say just what type of electrical field or current distribu- 
tion causes the observed type of anomaly. It probably results from dis- 
tortions of ecLiiipotential lines of the electrical field induced in the near- 
surface strata. These distortions occur near the boundaries of good and 
poor conductors. Similar anomalies, observed near subsurface salt water 
contacts in oil fields and above salt domes and igneous intrusions, are be- 
lieved to reflect near-surface resistivity variations sometimes associated 
with such geologic features. Otherwise (with the exception of fissures, 
and the like, acting as carriers) it appears impossible to reconcile the ap- 
parent depth penetration of this method with the limited range postulated 
by the theory. 

Petrowsky^^^ observed that radio waves in salt mines had about the 
same range as in air, and that waves of from 50-250 m in length could be 
transmitted through quartz porphyry rocks, tuffs, and conglomerates in a 
pyrite mine. In one case it was definitely possible to locate a pyrite stock 
by its ‘‘shadow,^ ^ 

2. In the interference methods, variations in signal strength due to in- 
terference of waves which travel by different routes are utilized to de- 
termine the difference in path and, if possible, the path itself. Interfer- 
ences may be measured {a) by leaving the wave length constant and 
varying the position of the receiver, and (6) by leading the receiver con- 
stant and varying the wave length of the transmitter.^“° If the path dif- 
ference between two waves is Ar, a minimum in reception will result when 
Ar = X/2 or Ar = (2n -f 1) X/2. When the wave length is held constant 
and the receiver is moved at the surface, the distance between successive 
minima in reception will be X, or twice the path difference. If, on the other 
hand, the receiver is left constant and if two wave lengths, Xi and X 2 ? 
produce successive reception minima, the path difference is 


Ar = 


X2-X1 

X2 


(10-70a) 


Since = 4-r + cC and Ar = 2r — a, the distance of a reflect ing surface 
follows from the path difference Ar and is given b>' 

d = i + 2alA/’). (l(J-70b) 


The apptireut reaction of the El trail methods to deep struetinvis aiul fii'lds, at 
first unexplainable, is now believed to result from near-surface resistivity variations 
accompanying such features. See E. E. Rosaire, Geopliysirs, 3(2 ), 00-121 lyiar., 
1938), aiidE.'E. Blonaeau, (leopliymcs, 4(4) , 271-278 (Oct., 1039). 
cit. 

A third possibility, thatof producing iiiterfortnicc by varying the distaucv ot a 
reflecting surface, is used in radio-alti meters but not in geophysics. 
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If the receiver has been kept constant and two wave lengths ^ and X 2 , 
have been found to produce successive minima in reception, then the 
depth 

For practical applications, the above formulas are only approximate, 
since the wave lengths in air and in rock are not the same. The two 
paths are usually traversed with different speeds and different wave 
lengths. This leads to more complex formulas, which have been derived 
by Petrowsky.^^^ 

The depth to a horizontal reflection surface can lastly be determined by 
taking a ^‘bearing^' of the image of the antenna with a coil-aerial receiver, 
so that d = (a tan <p) 72 , 

3. The polarization of radio waves and its relation to the electrical 
properties and disposition of near-surface beds was discussed on page 653. 
The ratio of major and minor axis of the ellipse and its tilt angle may he 
measured by a receiving set with rotatable double L antenna. The polari- 
zation is chiefly dependent on depth of ground water level near surface 
moisture and varies with wave length (see Fig. 10-20). With the excep- 
tion of Feldman recent studies/^^ little has been done along this line 
since Hack’s fundamental investigations in 1908.^^^ Measurements of 
polarization, when combined with relative or semiabsolute determinations 
of electrical and magnetic field components, are likely to place the radio 
methods of electrical prospecting on a more quantitative basis and to 
make them more usable than they are at present. 

X. TREASURE AXD PIPE FINDERS 

These devices and methods utilize electrical prospecting procedures for 
locating objects buried at shallow depth. Obviously they can be applied 
only if differences in conductivity exist, that is, if buried objects are con- 
ductive or enclosed in metal cases. Often the duration of burial makes 
considerable difference in detectability, since the chemical action of the 
surface waters creates a zone of low resistivity around the conductor, which 
increases its effective electrical size. 

A. Treasure and Pipe Finders with Separate Excitation 

A method for locating pipe by separate excitation, that is, an adaptation 
of the electromagnetic method, was mentioned on page 765 (Darley pipe 

Log, cit, 

122 1.R.E. Proc., 21, 790 (June, 1933). 

123 Ann. Phys., 27, 43-63 (1908). 
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locator). If the detection coil is carried ia horizontal position above the 
ground, the sound will increase as the pipe is approached and will be null 
immediately above the pipe. With a vertical coil (plane parallel with the 
pipe) the sound will be at a maximum above the pipe. If no contact can 
be made with a pipe system, it may still be located by grounding both 
terminals of a buzzer. Since depth penetration is not important, fre- 
quencies of the order of 1000-1 500 may he used, for which the human ear 
is most sensitive. 

For small metallic objects (boxes, chests, safes) inductive excitation by 
an insulated horizontal loop about 50-100 feet square is preferable. For 
detection, a vertical reception coil is best suited, since the normal loop field 
(with the exception of a narrow area near the wire) is vertical, while the 
field of metallic bodies (due to eddy currents induced to flow along their 
edges) is horizontal above them and is thus picked up full strength. When 
a signal is detected, the coil should be used in two positions at right angles 
to each other to determine the direction of the horizontal field. The 
vertical frame may also be tilted until minimum sound is obtained. In 
this manner metallic masses may be located by indications of anomalous 
field direction. The frequency in this application is again of the order of 
1000-1500 cycles- However, the higher frequencies also have been em- 
ployed with small vertical transmission loops and receiving coils in hori- 
zontal position to eliminate the primary field. A transmitter and receiver 
built by the Fisher Hesearch Laboratories for such work is illustrated in 
Fig. 10-1356. 


E. (Self-Coxumned) Tre.-^surb Finders 

Self-contained treasure finders contain their own source of power or 
energizer. They may he divided into low- and high-frequency instruments. 

1. Low-frequency mstruments operate in the range of 500-2000 cycles. 
A device commonly used is the induction balance, that is, an instrument 
or bridge intended for the comparison of the self -inductances of t\Yo <‘oils. 
The principle was first proposed by Dove in 1841 and further perfected by 
Hughes in 1879. When applied in prospecting for metallic objects, it is 
made with two similar coils in opposite arms of a luidge, which is balanced 
when the inductances are balanced. The two coils may be carried over 
the ground at the ends of a carrying frame. As one of them comes above 
a conductive or magnetic body its inductance changes, upsetting the bridge 
balance. It is also possible to use only one coil and to enclose the other in 
a shielded case with the remainder of tlie eqiiipnuMit. Ihowio’ is dmiveri 
from a 500- to 1000-cyele buzzer. The two detection coils are connected 
to the opposing primary windings, Pi and Ps , of a differential transformer 
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(see Fig. 10-131 a) whose secondary does not respond until the detection 
coils become imbalanced from the presence of conductiye or magnetic ma- 
terial near them. 



Fig. 10-131a. Hughes induction balance. (Pi, Pa, primaries of differential trans- 
former; S, secondary; 5, buzzer; Oi, Ci, detection coils; Fi, Fs, service coils; D, slide 
wire.) 



Fig. 10-1316. Modified induction balance. For symbols see Fig, 10-131a. 


Fig. 1 0-1316 shows a somewhat improved 
arrangement, with a potentiometer to 
facilitate adjustment of the bridge, and an 
amplifier following the secondary of the 
differential transformer. In the instrument 
illustrated in Fig. 10-131c, the inductances 
are replaced by mutual inductances, with 
one variable mutual inductance and two 
small resistors f or adjustments. This bridge, 
developed by the Bureau of Standards dur- 
ing 1917-1918, is said to have encountered 



ZJ. -S. Bureau of Standards 


Fig. 10-131 c. Mutual -induct- 
ance balance (after Theodor- 
sen). 


practical difficulties because the primaries and secondaries of the mutual 


inductances -were too closely coupled. 


Another group of low-frequency treasure finders employs a transmitting 
coil and one or two receiving coils close to them. In the arrangements 
shown in Figs. 10-132 and 10-133, the receiving coil is in the axis of the 
transmitter coil, so that no induction occurs above barren ground. Trans- 
mitter and receiver may he interchanged. Fig. 10-132 shows a hori- 
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zontal and a vertical transmitter with closely coupled receiving coil* The 
distance between the coils may be increased to allow the operator to walk 
between them, as in Fig. 10“133. This arrangement is customary in 
liiglx-freq[iiency treasure finders. 


Two receiving coils are 
used in the detector shown 
in Fig. 10-134:a, which was 
applied successfully by Theo- 
dorsen for the location of 
unexploded bombs several 
feet below the ground.^^^ It 
consists of a cylinder with 
three coaxial coils. The mid- 





die coil is the transmitter, or a // \ / /y 

energizer; the upper and If/^ 

lower coils are the receiving ^ i 
coils, in series opposition. 

On barren ground the induced /jjj 

fields are equal. With a me- 
tallic or magnetic body pres- y y 

ent, the lines of force are ‘ ^ 

distorted, chiefly in the lower 

coil. This results in an un- 

balanced e.m.f., which is de- T 

tected in the head phones. ^ ^ 

In Theodorsen’s originnl in- 

strument the coils were 3 feet Ljpa 

in outside diameter and about r’i'r'i , ... 

7 inches distant irom each Ll^iJ 

other. Undoubtedly the di- ^3 

ameter of the coils can be 

reduoed if the spnsitivitv i^ energizer (T) and pickup 

reaucea, ll tne sensitivity is ^vith schematic circuit diagram (after 

increased by tuning the Joyce). 

transmitter coil and using 

an amplifier on the receiving side (see Fig. 10-1346). 

2. High-frequenci/ treasure Jinders include heat-frequency iristrumenis and 
combined transmitter-receiver arrangements. The former utilize the 
change in the inductance of a coil produced by the presence of metal, a 
principle that was used very much during and after the last war in muni- 
tions factories and is now^ applied in mints and penal institutions to prevent 
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Fio. 10-132. Single energizer (T) and pickup 
coil [B)j with schematic circuit diagram (after 
Joyce), 


Jour. Frank. Inst., 210, 311-325 (1930), 
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coins or weapons from "being carried in or out by workers or visitors. 
These installations use large coils, through which the persons under ex- 
amination have to pass. The great sensitivity of these devices is made 
possible by beating the frequency of the search coil circuit (which is 
slightly changed by the presence of metal) against a fixed frequency and 



Fig. 10-133. Single energizer {T) and pickup coil (Jt) combination; roactioii to sub- 
surface metal object (after Joyce). 

by detecting the beat Irequency, This may be considered as a modifica- 
tion of the induction balance, since the inductance in one circuit remains 
fixed while the other is being varied. The same idea has boon used in 
treasure finders, one coil being carried over the ground, the other being 
housed ill a shielded box with the fixed oscillator. An instrument of this 
kind was constructed by Joyce. 

U. S. Bur. Mines Giro. Inf. Ko. 6854, Oct., 1935. 
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Proba.lDly the majority of present-time treasure finders employ fibred 
combinations of high-frequency transmitters and receivers. Arrange- 
ment and operating principle are the same as in the low-frequency trans- 
mitter and receiver combinations, except that an R.F. carrier is used for 



!FrG. 10-134a. Single energizer, <iouble pickup coil detector (after Theodorsen). 


demrofor 



10-1346. Modification of motal detector of Fig. 10-134a (after Joyce). 


the 1000 cycles. In the Fisher Metallascopeand the Barret Terrometer the 
transmitter and receiver are ainangedas on the lower right of Fig. 10~135fl. 
A circuit diagram of theMetallascopeisgiveniii Fig. 10”135a. Fig. 10-1355 
shows a more elaborate type of the Fisher Metallascope for operation as 
separate transmitter and receiver. In the Barret Terrometer the trans- 
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joaitter is behind the operator and emits an approximately vertical field. 
The receiver, equipped with a sensitive galvanometer, is forward and so 
adjusted that either a maximum- or medium-size scale deflection is ob- 



Fig. 10-135a. Circuit of Fisher Metallascope, with combined traasmitter and 
receiver (after Chapel) . (R^, 5 ohms, 1 "W.; Ee, 2 ohms, 1 W.; 1 , mill iaimae ter (0-1); 
2, R.F. choke, 1500 turns No. 34ECC; 3, 1 megohm; 3A, 3 megohms; 4, 0.1 megohm; 
5, 0.0005 mfd., fixed; 6, 0.006 mfd., fixed; 7, 0.001 mfd., fixed; 8, 0 to 0.0005 mfd., 
trimmer adjuster; 8A, 0.00025 mfd., fixed; 9, push-pull switches; 10, phonetip 
jacks.) 



Fig. 10-1355. Circuit of Fisher Metallascope, separate transmitter, and receiver 
(after Chapel). Eo, 5 ohms, 1 W. ; Es, 2 ohms, 1 W. ; 1, milliammeter ; 2, R.F. choke, 
1500 turns, No. 34ECC; 3, 1 meg. resistor; 3A, 3 meg. resistor; 4, 0.1 meg. resistor; 5, 
0.0005 mfd., 1 W., fixed; 6, 0.006 mfd., 1 W., fixed; 7, 0.001 mfd., 1 W., fixed; 8, 0 to 
0.0005 mfd. trimmer adjuster; 8A, 0.00025 mfd., 1 W., fixed; 9, push-pull switches; 
10, tip jacks for phones.) 

tained on barren ground. A decrease in scale deflection then indicates the 
presence of a metallic body. The depth penetration of the high-frequency 
treasure finders, for a medium-size metal chest, is probably not in excess 
of 6 to 7 feet. 





1 1 

GEOPHYSICAL WELL TESTING^ 


The essence of geophysical well testing is a determination of physical 
rock properties in diu. Its purpose is to correlate wells by using 
physical formation characteristics which either are more significant or can 
be obtained more readily than their petrographic and geologic character- 
istics; (2) to detect commercial minerals (oil, gas, coal) or other media 
which are of significance in the process of drilling (water, cement, and the 
like) ; (3) to determine data required in the interpretation of geophysical 
surface measurements (seismic wave velocities and the like). Somewhat 
removed from our field is a fourth application, the determination of 
crookedness of holes (by seismic measurements). 

In regard to procedure, geophysical well-testing methods maybe divided 
into (I) electrical logging, (II) temperature measurements, (III) seismic 
measurements, and (IV) miscellaneous measurements (magnetic, radio- 
active, and so on). 


I. ELECTRICAL LOGGING 

Electrical logging in the most general sense is the examination of the 
electrical properties, electrical reaction, and geometric disposition of sub- 
surface formations by electrical measurements in wells. It involves a 
determination of the following quantities, in order of present commercial 
importance: (A) resistance or impedance of formations, (B) spontaneous 
potentials (porosities), (C) resistance of drilling mud, (D) dip and strike, 
and (E) casing depth. 

A. Determination of Resist.^nce oe Impedance of Form.vtions 

In respect to the determination of impedance or resistance in (uncased) 
wells, electrical logging is equivalent to resistivity mapping with fixed elec- 
trode separation (see page 708). Hence, a variety of electrode arrange- 
ments is possible. In fact, most of those described at pages 710 -71 1 have 

' The symbols in this chapter are the same as in Chapter 10, except where other- 
wise noted. 
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been used or proposed. Whole in resistivity surface mapping a simple 
circuit with but two electrodes would not be suitable because of the pre- 
ponderance of the contact resistance at the terminals, such an arrangement 
is permissible in electrical coring, since the distance between electrode and 
wall is small enough for the formation resistivity to affect the contact 
resistance of an electrode suspended in drilling mud of generally uniform 
resistivity. 

Kg. 11—1 illustrates various electrode arrangements in iiicreashig order 
of electrode number. The measuring devices indicated are not necessarily 
limited to the electrode arrangement with which they are shown and may 
be interchanged. Scheme a is used by the Halliburton Oil-Well Cementing 
Company (Blau patent) and in the Karcher system. In the latter, the 
electrode is the (insulated) bit at the end of the drill pipe. Scheme (6) 
is a Wheatstone bridge arrangement; it is used by Lane-Wells in a modified 
form, the upper electrode being represented by the cable sheath. The 
two-electrode scheme of Tig. 11-lc is well suited for separate self-poten- 
tial and resistivity measurements. The three-electrode arrangement 
shown in Tig. 1 1-ld (Schlumherger) is now in most extensive use. The 
D.O. source indicated in the current circuit may be replaced hy an A.C. 
generator, or a commutator may be provided, together with an A.C. meter 
in the potential circuit to record resistivity. One of the potential elec- 
trodes is then switched by a second commutator to a D.C. meter and a 
grounded electrode as in scheme (c) to give the self -potential record. Fig. 
11-le (Hummel) shows a modification with potential electrodes down; 
Fig. 11-1/ is the conventional four-terminal arrangement with commutator, 
adapted to well surveying. 

The spacing of the electrodes in schemes b and c is usually ten to twenty 
times the diameter of the hole; in schemes d and e, the distance CFi is 
ordinarily about 60 feet and P\Pi is about 15 feet. These distances may 
be decreased and increased to obtain two curves of different side penetra- 
tion. Because of the uniform constitution of the drilling fluid, it is gen- 
erally satisfactory to use ordinary metal electrodes in the hole; however, 
some companies use porous-pot electrodes. Two- or three-electrode 
arrangements usually have the form of a weighted insulated bar, the weight 
at the bottom representing the energizing electrode and the rings at the 
other end representing the potential electrodes. The electrode assenrhlies 
are lowered on cables that contain as many heavily insulated conductors 
as there are electrodes, and that protected l.iy stranded flexible steel wire 
and surrounded hy a steel sheath on the outside. 

Current is straight D.C., commutated D.C., or, most often, low- 
frequency A.C. (20 to 100 cycles) as indicated above. The current can 
be held sufficiently constant so that a recording potentiometer, whose drum 
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or camera drive is coupled to tlie cable winch, gives a direct graph of 
apparent resutivity against depth. Resistivities and self -potentials are 
usually recorded simultaneously as indicated schematically in Fig. 2-15, 
In homogeneous ground, the relation between resistivity and potential 
readings given at pages 710-711, apply. Since the electrodes are buried in 
an infinite and not a semi-infinite medium, the spacing factors given in 
these formulas change from 27ra to 47ra, so that, for the Schlumberger 
arrangement, with the notation of Fig. ll-lc?. 


P = 


drrr' AY 


( 11 - 1 ) 


which follows directly from eq. (lO-31/i). Since r, /, and 1 are kept con- 
stant, it is seen that the resistivities are directly proportional to the poten- 
tial difference recorded. Formula (11-1) holds for homogeneous ground 
only. In the presence of layers of different resistivity, an apparent instead 
of a true resistivity is recorded. The relation of apparent and true resis- 
tivities for given formation thicknesses and resistivities can be calculated 
in the same manner as on page 719 since by rotating the geologic section 90® 
the bedding planes are equivalent to the vertical formation contacts treated 
in resistivity mapping, assuming for the moment that the effect of the 
drillmg fluid is negligible. 

When a formation contact is passed with the four-electrode system 
(Fig. 11-1/), an apparent resistivity variation as in Fig. 10-56 is obtained 
with four breaks near the formation boundary instead of one. As the 
number of electrodes is reduced, the number of peaks decreases, as illus- 
trated b Fig. 11-2 for the Schlumberger electrode arrangement. The 
two upper diagrams are for one formation boundary and the two lower 
diagrams for two boundaries. The distance of the breaks is uneven and 
corresponds to CPi in one and P 1 P 2 in the second case. The resistivity 
of the second medium is approached in steps and not all at once. For 
formations whose thickness is large compared with the electrode separa- 
tion, the corresponding apparent resistivity curves may be derived by 
joining curves such as those given in Fig. 11~2 (upper part).^ For thin 
formations, the images of the current electrode, due to reflections on loth 
formation boundaries, must be considered, which means that resistivities 
must be calculated as in a three-layer case. Results of such calculations 
are illustrated in Fig. 11-2. It is seen that a formation whose thickness 
is less than the distance of one potential electrode from the next current 
electrode will not allow the apparent resistivity to come up to the value 
of the true resistivity. This is possible only when the electrode separation 
is smaller than the formation thickness. 


2 J. N. Hummel, Beitr. angew. Geophys., 6(1), 89-99 (1936). 
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The influence of the 
drilling fluid on the ap- 

parent resistivity can be ^ 

calculated^ by assuming \ 

the mud-filled hole to | ^ / 

represent the "'cover’' of C ' J 

resistivity pi on a layer of FT ^ 

uniform resistivity p (two- j 

layer case, page 714). As / 

may be expected from the v y 

similarity of electrical log- 
ging and resistivity map- 
ping, the drilling fluid • jc .4 | 

decreases in efiectiveuess ^ c ' \ 

with an increase in elec- ^ ^ 

trode separation. If the S,' 

resistivity of the forma- ^ 

tion is ten times greater \ ] 

than that of the drilling 

fluid, and if the electrode 

interval CF\ is ten times n a ^ . 

T 1 , , Eig- 11-2. variation of apparent resistivity with 

tne noie diameter, tne true resistivity and electrode separation in elec- 
apparent resistivity is 75 trical logging (after Hummel), 
per cent of the true re- 
sistivity. If the drilling fluid is of high resistivity compared with the 
formation, the electrode spacing need he but two to three times the hole 
diameter, to produce an apparent resistivity virtually equal to the forma- 
tion resistivity (Fig. 11-3). 

Conversely, for measuring mud resistivity, it is necessary to reduce the 
electrode separation and make the electrode interval less than the diameter 
of the hole. In that case the electrode intervals are made equal. To 
suppress any possible wall influence, the electrodes may be enclosed in a 
non conductive cylinder, open at both ends. For a still closer approach to 
true conditions, a third layer representing a zone flooded by drilling mud, 
may be interposed between the formation and the drill hole in the above 
calculations. 

As a matter of fact, the replacement of formation water by well water 
near the hole may be so pronounced as to obliterate formation resistivities 
and to require the so-called "third” curve, which is a resistivity curve 
taken with larger electrode spacing and, therefore, greater depth 
penetration. 


Fig. 11-2. Variation of apparent resistivity with 
true resistivity and electro-de separation in elec- 
trical logging (after Hummel). 


J. N". Hummel and 0. Rtilke, Beitr. angew. Geophys., 6(3), 265-270 (1937). 




Fig. 11-3. 'Variation of apparent resistivity witk ratio of electrode spacing and 

hole diameter for two resistivity ratios (after Hummel). The 

drilling mud (p) 

electrode interval CPi is as shown in Fig. ll-ld. 


j' 



m 9(? do /O 60 50 40 30 eo 10 % Salt Wb ter 

Fic. 11-4. Variation of formation resistivity with oil und water content (after 
^Martin, Vliirray, and Gillingham). (I, porosity 45 per cent; II, porosity 20 per 
cent; resistivity in ohm-meter.) 
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Of considerable practical interest is the problem of how the true forma- 
tion resistivity changes with the proportion of salt water and oil. Such 
experiments have been conducted by Martin, Murray, and Gillingham^ 
(see Fig. 11-4). Oil contents up to 60 per cent increase the formation 
resistivity about ten times. As was stated before, (see page 665), this ratio 
between the resistivities of productive and barren formations is frequently 
encountered in the practice of electrical logging. It is further seen in 
Fig. 11-4 that oil contents exceeding 70 per cent bring about a sharp in- 
crease in formation resistivity, of the order of one hundred to several 
thousand times. 

B. Determination oe Spootan'eous Potentials (Porosities) 

When porous formations are penetrated by the drill, they give rise to 
spontaneous potentials in two ways; (1) by movement of liquids through 
the formation into or from the hole (electrofiltration potential) , and (2) by 
diferences in concentration between formation water and drilling fluid 
(diffusion potential). The former, discussed on page 631, is practically the 
only source of spontaneous potentials in the absence of concentration 
diferences between formation water and drilling fluid. These potentials 
are positive when water is discharged into the hole but negative when 
water flows from the hole into the formation. Hence, the magnitude of 
the potential anomaly depends on the pressure or height of the mud 
column ill the hole. The extreme potential anomaly in the well illustrated 
in Fig. 1 1-5 was rb20 millivolts. No diffusion potential was present, since 
the mud contained about 2 g NaCl per liter and the formation water about 
3 g NaCl per liter. Usually the electrofiltration potentials are negative 
in sign, since the drilling fluid penetrates the porous formation under 
excess pressure. 

Diffusion potentials are produced by porous formations because the 
(fresh water) drilling fluid is generally lower in ion concentration than is 
the (connate) formation water. As shown in Fig. 11-6, currents flow from 
the drill hole into the layer and cause negative potential peaks which may 
amount to 100 to 200 millivolts. This phenomenon was discussed on 
page 631. The theoretical potential difference, according to eq. (10-2), is 

= 11.6 logio ps/pi millivolts, so that, for a formation water of 0.5 ohm-m 
and a drilling fluid of 5 ohm-ni resistivity, the potential difference would 
be 1 1 ,6 millivolts. However, because of an additional potential difference 
set up along the return circuits at the points CB and respectively, 

the potential difference is actually greater than for only one boundary, so 


Geophysics, III(3), 258-272 (1938). 
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that the factor in eq. (10-2) is about 17 instead of 11.6 for the contact of 
clay and siliceous sand. Hence, in an experiment where p 2 was 24 ohm-m 
and Pi varied from 17 to 0.04 ohm-m, the potentials varied from 2.5 to 46 

RESISTIVITY POROSUr POROSITY 



Fig. 11-5. Variation of self-potential effeets in drill holes (electrofiltration phe- 
nomenon) with pressure of mud column, in Grozny field (after Schliimberger) . 

millivolts.® Fig. 11-7 shows results of some trials made with drilling mads 
of three different resistivities. 


5 C 
(1934). 


. and M. Schlumberger and E. G. Leonardon, A.I.M.E. Geophys. Pros., 278 
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frequently, the eleCtrofiltration and 
diffusion potentials reinforce each other. 
Hence, self-potential records (taken "vrith 
the electrode arrangement illustrated 
schematically in fig. 1 1-lc) give a good 
indication of the porosity of a forma- 
tion and furnish valuable bformation 
supplementary to resistivity data. Since 
a low-resistivity indication may be inter- 
preted as a salt-water sand or clay bed, 
the porosity indication would decide which 
interpretation is correct. The same is true 
for high-resistivity indications which could 
mean a limestone bed or an oil sand, un- 
less a porosity record is available. 



Fig. 11-6. Origin of diffusion po- 
tentials in drill holes {adapted 
from Schlumberger). 



Fig. 11-7. Variation of diffusion potential with resistivity of drilling mud (after 

Schlumberger). 
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0. Determination- of Resisti^itt of Drilling Mxjd 

The resistivity of the drilling fluid is determined -with closely spaced 
electrodes. Its practical importance lies in the location of water flows. 
To this end, the hole is first conditioned by washing with fresh-water mud, 
and the first run indicated in Tig. 11-8 is taken immediately afterward. 
The level of the mud is then lowered, allowing formation water to pene- 
trate the hole. Another run (second curve in Fig. 11-8) is taken, which 
indicates the portion of the hole filled with (low-resistivity) formation 
water. 


Ohm -m 


o 0,5 I hs 



Fig. 11-8. Location of water 
flow by measuring resistivities of 
drilling mud (after Schlum- 
berger) . 



Fig. 11-9. Electrode arrangement for 
measuring dip and strike in wells (after 
(Schliiniberger) . 


T. Measurement of Dit and Strike 

Since in stratified formations the condin^tivity in the bedding pdarios is 
greater than at right angles thereto, the equipotential surfaces about a 
source are not spheres but ellipsoids of revolution. These ellipsoids are 
tilted when the strata dip. If an electrode configuration, as illustrated in 
Fig. ll-™9, is lowered into the hole with a rigid rotatable connection between 
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N and M, a maximiim potential difference, proportional to dip, will occur 
between the electrodes when they are in the position shown. When the 
configuration is then rotated to a position at right angles to the plane of 
the paper, the potential difference Yanishes, whereby the direction of strike 
is established. In practice, the two directions are determined with ref- 
erence to magnetic north, which may be established with an earth inductor 
well compass.® 


E. Determination of Casing Depth 

Since the easing is a much better conductor than the mud or the adjacent 
rocks, its depth can be established from the abrupt change in apparent 
resistivity when the electrodes pass through the casing shoe. Inside the 
casing, the resistivity is zero. For these measurements, intermediate and 
small electrode separations are used. 

F. Discussion of Results 

How closely electrical logging data may coincide with results of core 
analysis is illustrated in Fig. 11-10. The .section repre.sents the oil zone 



Fkj. 11-10. Comparison of core analyses with results of electrical logging (after 

Schilthiiis). 

of the Woodbine sand in the east Texas field. Porosities y^eve detonnined 
hy the Washburn-Buiiting method/ permeabilities in accordance with 
A.P.L Code No. 27,® and connate water and oil by waporizatioii and com- 
bustion.^ Porosities indicated by the self-potential curve are closely paral- 

® Schlumberger and Leonardon, loc. cit. 

Amer. Ceramie Soc. J., 4, 983-989 (1921). 

® Barnes, A.P. I. Drilling and Production Practice, 191-203 (1935). 

® R. J. Schilthnis, A.I.M.E. Tech. Publ. No. 869, 1937. 
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leled by the permeabilities and porosities measured on cores, ■ 
the resistivity and water-analysis curves are quite similar. 

The main value of electrical logs lies in the possibility of well correlation 
by the ^^character’^ of the indication. A structural correlation can be 

made, regardless of whether 
the geologic signifcance of 
an indication is known or 
not. Small changes in 
moisture and lithologic 
character are detected much 
more readily and with more 
continuity in an electrical 
log than is possible by any 
mechanical coring process. 
Even if -formations do not 
appear to be differentiated 
in respect to lithologic and 
paleontologic characteris- 
tics, the electrical log can 
usually be depended oii to 
segregate them. 

Fig. 11-11 shows corre- 
lation on the basis of resis- 
tivity logs between two 
wells three-quarters of a 
mile apart in the Oklahoma 
City field. The water sands 
there are quite readily dis- 
tinguished by their low 
resistivities. The jagged 
peaks indicate limestones 
(Tonkawa lime at II) or 
sandy shales; the smooth 
portions (I and III) repre- 
sent fairly homogeneous 
shales and clays. In some 
oil fields, such as in Ru- 
mania, correlations have been possible over considerable distances. Fig. 
11-12 shows well logs taken in the Gorgoteni field. The wavy appearance 
of both porosity and resistivity logs in the Dacian formation (composed 
of alternating sands and marls) is in striking contrast to their smooth 
character in the Pontian, which consists of argillaceous marls. The sandy 



Fig. 11-11. Electrical log correlation between 
two wells in Oklahoma City field (after Schlum- 
berger). 
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section of the Maeotic below is again indicated by the irregular saw- 
toothed appearance of porosity and Tesistivity curves. In this section, 
correlations have been naade over distances of the order of 50 miles. 
In some areas in this country, long-distance correlations are likewise 
possible.^® Very good correlations are the rule in the mid-continent 
fields.^*^^ 

Fig. 11-13 is an outstanding example of how electrical logging may be 
applied to indicate productive horizons. In this section of the Maracaibo 
field, the three important oil horizons are very well indicated, as are the 
depths to correct water shutoff and the low-resistivity clay formations. 
In some fields a direct proportionality has been established between re- 
sistivity and productivity of oil horizons. At Grozny, for instance (Fig. 
11-14), a high resistivity of the H horizon corresponds to gusher produc- 



Fig, 11-12. Resistivity and porosity correlation of eight wells ia the Gorgoteni 
field, Rumania (after Schluinberger). 

tion and an intermediate resistivity (well 2), to oil shows with water. In 
well 3, where the amplitude is about the same as that of other heds, the 
horizon is dry. 

Electrical logging has become daily routine in many oil-produeing fields 
and wildcat wells. Eesults are accumulated at a much more extensive 
rate than the few examples given above indicate. 

11. TEMPERATURE MEASUREMENTS 

It is an age-old belief that the interior of the earth is hot, and it is a 
matter of long-standing experience that ground temperature increases with 

^0 A.A.P.G. Bull. No. 23 (11), 1622-1626 (Nov., 1939). 

Personal communication from H. Guyod. 







li-iH. Electrical log correlation between wells in Maracaibo field, Venezuela (after Schlumberger) 
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depth. One of the earliest accounts of rock temperatures in mine workings 
was given by Athanasius Kircher in 1665, but about 150 years elapsed 
before systematic underground observations were conducted in England, 
Germany, and France. Reliable temperature measurements in wells were 






0«T 0*1. ^OCXXTTIVC Oll- 


Fig. 11-14. Correlatiaii between producti\rity of oil horizons and electrical resis- 
tivities in the Grozny field, Enssia (after Schlumberger) . 

made possible by the deyelopment of overflow thermometers in 1830. In 
the eighties, this was followed by a systematic inquiry into the iiifliieiice 
of rock conductivities and of other factors. With progress m well drilling 
(see Fig. 11-15), much material was accumulated after the turn of the 
century and was made the object of exhaustive studies by Van Orstrand, 



840 


GEOPHYSICAL WELL TESTING 


[Chap. 11 


Koenigsberger, Heald, aud others. The development of the electrical 
logging process in the past five years has made it possible to obtain de- 
tailed and continuous records of "well temperatures and to study their 
relation to geologic conditions and production technique. 

A. Apparatus; Procedure 

Apparatus used in geothermal well testing depends entirely on the pur- 
pose for which the test is undertaken. In present practice measurements 
are made (1) in shallow holes for the location of near-surface formations, 


m im m m ms ms m; m 



Fig. 1L15. Trend of drilling depths in the United States in the past eighty years 

(from Union Oil Bulletin). 

near-surface structure, spring waters, and the like; (2) in deep wells for 
correlating the mean gradient between wells with geologic structure ; and 
(3) in deep wells individually, for locating gas, oil, and water flows, and 
for determining cementation depth. 

For shallow well testing, ordinary thermometers are suitable, if they are 
provided with some sort of a cover (parafiine, rubber, or the like) to slow 
down rapid temperature fluctuations. If they are so protected and are 
hauled up rapidly, they will give the true bottom-hole temperature. Re- 
sistance thermometers and thermocouples have the advantage that two of 
them may be so connected as to give the difference in temperature of 
adjacent holes. Thereby, the daily or any other temperature variation is 
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eliminated, since it affects adjoining holes alike. Thermocouples may be 
used with the hot junction in the hole and with the cold junction in a liquid 
kept at constant temperature. Van den Bouwhuijsen“ used a Moll galva- 
nometer of 2.7 X 10 ^ volt sensitivity with a thermocouple supplying 
4-10“® volt e.m.f. for a temperature difference of 1°C. 

In underground workings, ordinary mercury thermometers are suitable 
if they are properly protected. A thermometer constructed by L. R. 
IngersolP maintained its tenaperature for about one minute by being 
inclosed in a bakelite tube; the bulb was insulated with vulcanite and 
paper. In seven-foot holes sunk from rock faces but a few days old, 
measurements were made with sets of tw'o or three thermometers in tan- 
dem. These were read about every two hours for one day and the readings 
were repeated after two or three days. This made it possible to determine 
the cooling of the walls in drifts, tunnels, or shafts, and to calculate the 
virgin rock temperatures. 

The mean temperature gradients in deep holes are generally determined 
by maximum thermometers. Their use is predicated on the fact that the 
temperature in deep holes is greater than the mean annual temperature. 
(Maximum thermometers may also be used at shallow depths provided 
they are chilled with ice before and after the run.) An overflow type of 
maximum thermometer is illustrated by R. Ambronn.“ In it, the maxi- 
mum temperature has to be determined by a separate testing operation 
and by measuring the temperature at which the mercury overflows. In 
another type of maximum thermometer, the upper 2-3 mm of mercury 
are separated from the main stem by an air bubble. The most extensive 
application has been made of the constriction type of maximum ther- 
mometer which requires resetting in some sort of centrifugal device after 
each use. The thermometer used by the tJ.S. Geological Survey has a 
length of about 20 cm, a stem diameter of 6-7 mm, and an accuracy of 
0.1°-0.2° F.; and it is divided in Fahrenheit degree intervals between 32° 
and 212° over a length of 17-18 cm. Usually two or three thermometers 
are employed for each run to increase the accuracy and to reduce errors 
due to jarring of the assembly in hoisting and lowering. 

Fig. 11-16 shows a number of thermometer carriers'^ vith their con- 
tainers adapted to various types of wells. Fig. ll-lGA'is a holder for 
three thermometers which fits the container B' for use at the end of a rope 
in shallow wells; C"is a container suitable, for clamping to a piano-wire line; 
D' is a steel container for use, at the end of a wire line, in oil or water wells. 

Eng. and Min. J., 136(8), 342-344 (.Aug.. 1934). 

Physios, 2(3), 154-159 (March. 1932). 

Elements oj Geo'physics, p. 275. 

C. E. Van Orstrand, Econ. Geol., 19(3), 229-248 (1924). 
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Several containers may be arranged in tandem ivith the T joint, The 
open containers are applied in dry, open holes. In wells filled with water, 
drilling fluid, or pil, the use of the closed containers (A-C) prevents the 
pressure of the liquid from reaching the thermometers and altering the 
reading. Thermometers in European equipment are enclosed in cotton- 
packed and capped steel cylinders, which are arranged in tandem in a tube 
of larger diameter. Leather diaphragms are provided around the ends of 
the large tube to reduce circulation. 

The thermometers may be lowered into the well on the end of the sand 
line, inside or outside the bailer, or on a separate line, using an apparatus 
developed especially for this purpose, illustrated in Fig. 11-17. This ma- 



Fig. 11-16. Holders and containers for maxinium-therinoineters (after Van 

Orstrand). 


chine holds 9000 feet of No. 19 or No. 20 piano wire and is equipped 
with a spooling and depth indicating mechanism. 

The use of maximum thermometers requires that the well be in tempera- 
ture equilibrium and that jars and other sources of error be carefully 
avoided. Since this technique is intended for structural correlations, dis- 
turbances arising from an influx of oil, water, and gas into the well are 
considered sources of error and are carefully avoided if possible. Drilling 
with a standard rig should be discontinued for at least twenty-four hours 
before a test is begun. For a rotary outfit the time required for tempera- 
ture equilibrium is much greater and may be several days. When meas- 
urements between 100-1000 feet are taken with maximum thermometers, 
outside temperatures may be higher than the well temperatures, and the 
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thermometers must therefore be chilled before and after the run. Other- 
wise they may be left in the well over night and be hauled up in the early 
morning hours. The time required for the thermometers to acquire forma- 
tion temperature is about U hours in air and f hour in water. Since the 
reading at 100 feet is from 1® to 4°F. higher than annual mean tempera- 
ture, the latter provides a convenient check on the upper portion of the 
depth-temperature curve and may be obtained from the volume on Climato- 
logical Bata for the V. S. hy Sections, published by the U. S. Weather 
Bureau. M ith maximum thermometers, readings are taken at intervals 
of 250-500 feet. Such thermometer assemblies are lowered at the rate of 
200 feet per minute maximum and removed at the rate of lOO feet per 
minute maximum. Readiugs are taken with a telescope and corrections 
for constant and stem deviation are applied. 



Fio. 11-17. Device for well-temperature measurements (after Van Orstrand). 

For detailed temperature investigations required in connection with pro- 
duction tests, continuously recording thermometers are more suitable than 
maximum thermometers, since they do not require hoisting after every 
reading. The following thermometers are suitable: (1) bimetallic ther- 
mometers, (2) thermocouples, and (3) resistance thermometers. The 
former require a recording mechanism inside a water-tight case and do not 
require wires for remote surface indication. Thermocouples and resistance 
thermometers are widely used, since cables are usually available in con- 
nection with electrical logging. 

Fig. 11-18 shows three arrangements of resistance thermometers. Fig- 
11 -18a represents a Wheatstone bridge circuit with Siemens lead-resistance 
compensation. Fig. ll-18b shows a customary method of measuring 
resistance variations by galvanometer deflection. For recording, the 
switch S is in position 2; for calibration (by adjusting to a predetermined 
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galvanometer deflection), it is in position 1. In the arrangement of Fig. 
ll-18c, the resistance of the thermoelement is determined by measuring 
the potential drop across it, with the switch to the left, and determining 
the current in the circuit from the potential drop across the known resistor 
r, with the switch to the right. During a run the current measurement 
can be dispensed w'ith, and an automatic self-balancing potentiometer can 
be used to record the temperature. In the Schlumberger apparatus, 
measurements are taken with an accuracy of 0.25® T . , and the thermometers 
are lowered at the rate of about 1000 feet per hour. 




Fia. 11-18. Resistance thermonietcr arrangements for well-temperature recording, 
(a) Wheatstone bridge with Siemens lead-resistance compensation (adapted from 
Johnston and Adams); (h) deflection bridge; (c) potentiometer method. 

I'or general structure correlation of deep wells, temperatures are meas- 
ured and plotted beginning with a depth of about 100 feet. From this 
cur\^e a mean temperature gradient can be calculated by assumption of a 
straight-line function = Oo -b hd, where is the temperature at depth 
d, 60 is the mean annual temperature, and b the mean slope of the ciir’re, 
or the temperature-depth gradient. The gradient can be measured di- 
rectly by recording the difference in temperature between two thermome- 
ters mounted a definite distance apart. In some cases, gradient records 
have advantages over the direct temperature records. The reciprocal 
gradient 1/b is the number of feet or meters one has to advance in vertical 




Chap. 11] 


GEOPHYSICAL WELL TESTIKG 


845 


direction to obtain an increase in temperature of 1^=^ C. or F. For a 
detailed analysis of individual wells, the slope or gradient is taken over 
limited portions of the temperature-depth curve. Areal temperature dis- 
tribution is represented by lines of equal reciprocal gradient for a given 
depth, or by contour lines of equal temperature. In profile view equi- 
temperature lines or 'fisogeothermal surfaces^ ^ are useful for correlation 
with regional and local dip. Temperature measurements, made in con- 
nection with electrical logging for purposes of production engineering, are 
represented in the form of a temperature curve, deviations from the 
(normal or regional) gradient being shaded to indicate the anomalies. 
Results of shallow-well investigations are plotted by showing lines of equal 
temperature for a given depth of investigation. When temperature differ- 
ences have been measured with two thennometers between adjacent wells, 
temperature gradients are plotted in profile or plan view. 


B. The IJi^-iversal Geothermal Gradient 


Wherever great depths have been reached, an increase of temperature 
has been observed. In the Simplon tunnel (maximum cover under moun- 
tain crest, 7000 feet) the highest rock temperature was 132° F. In the 
Robinson Deep mine in the Rand of South Africa, the temperature was 
(only) 103° at a depth of about 8500 feet. The Wasco well in the 
San Joaquin Valley, California (15,004 feet deep), revealed a bottom 
temperature of 268° F.,^^ which is higher than the boiling point of water. 
Yet, the greatest depth reached to date is but a If thousandth part of 
the earth’s radius. This makes any deductions in regard to the tempera- 
ture in the earth’s interior and the age of the earth highly speculative, to 
say the least. 

Of the many approaches to the problem of temperatures in the earth’s 
interior, the so-called Kelvin theorem is probably the best known. It 
gives the temperature at any depth as a function of an initial temperature, 
time of cooling and an absorption coefficient, for an infinite slab heated 
at one face while the other is kept at 0° temperature. The solution 
appears in the form of a probability integral^® which, when differentiated 
with respect to depth, gives the geothermal gradient 


dd 



( 11 ~ 2 ) 


Other mining districts have shown reciprocal gradients of the order of 175- 375 
feet per degree F. 

Improbably mud temperature. Actual formation temperature was probably 
around 300^ (Personal communication from H. Guyod.) 

H. Cecil Spicer, Geol. Soc. Ana. Bull., 48, 75-92 (1937). 
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in whick B is temperature, d is depth, 6o is initial temperature, t is time 
since beginning of cooling, and k is thermal difiusivity. Therefore, for 
the earth^s surface, d^Jdd = Substituting a value of 1° F. per 

50 feet for the temperature gradient and a value of 64* lO""^ C.G.S. for k, 
and assuming further a temperature of 7000® F.for the initial condition, 
it follows that the time elapsed since the beginning of the cooling is about 
175 million years. This is generally considered too low for the age of the 
earth, yet it is nearly of the right order of magnitude. An earth with 
the temperature distribution postulated by the Kelvin theorem has been 
claimed to be unstable against tidal and similar forces. Therefore, the 
assumption has been made that the cooling process is partly compensated 



Fig. 11-19. Trends of temperature depth curves (1) near basement rocks, and { 2 ) 
in sedimentary areas (after Van Orstrand). 


by the heat generated at moderate depth by a layer of constant or expo- 
nentially decreasing radioactivity. 

Whatever the cause of the earth heat, the amount of heat transmitted 
to the surface is exceedingly small and barely sufficient to melt a layer 
of ice of an inch thick in one year. The heat quantity Q transmitted 
in the time t between the faces of surface S and distance I of a slab of the 
conductivity c is given by 

Ae 

Q = cSt 7-. (11-3) 

If for f/M the normal reciprocal gradient, or 50 feet for 1®F., is substi- 
tuted, it follows that the amount transmitted is only 200 B.t.u.’s per 
square foot in one year. 
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As was stated above, the normal reciprocal gradient varies from about 
27.5 meters per degree C. (or 50 feet per degree F.) to about 35 meters 
per degree C. (or 64 feet per degree F.) in normal areas. Regionally, the 
observed reciprocal gradients may be quite different from these values, 
depending on geologic structure.^' In wells where the drill has penetrated 
uplifts of basement roots, the temperature-depth curve is concave toward 
the depth axis; that is, the reciprocal gradient increases with depth. This 
is because of the better heat conductivity of the basement rocks (see 
Fig. 11-19). Conversely, in areas of sedimentary beds of great thickness 
the reciprocal gradient decreases with depth (Fig. 11-19). This may be 
caused hy the decrease of porosity'® (hence, water content'® and thermal 
conductivity) with depth, or by the compression of the isogeothermal 
surfaces as the basement rocks are approached. However, when the base- 
ment is entered, these types of curves turn again toward the depth axis. 
According to Van Orstrand,®*® only 5 per cent of 4CX) wells investigated up 
to 1932, had a linear depth-temperature curve; 26 per cent were concave, 
and 59 per cent were convex to the depth axis. 

C. Theemal Peopbeties op Rocks 

The thermal behavior of rocks and formations is characterized by three 
properties. They are : (1) the thermal conductimty, or the heat current 
traversing the nnit section for the unit of heat gradient, expressed in cal. 
cm,~' see.~' centigrade”'; (2) the specijic heat, which is the quantity of 
heat required to raise the unit of mass by the unit of temperature, in 
cal. gram”' centigrade”', or B.t.u. per pound per degree F.; and (3) 
the diffusivity K, a property derived from the first two, and given by 



where c is thermal conductivity, s is specific heat, and 8 is density. A 
fourth property, the heat given off in certain chemical reactions, is like- 
wise of importance. However, it is difficult to define and is discussed in 
the next section. 

Since diffusivity is a deiived property, thi.s discussion will be confined to 
specific heat and thermal conductivity. The specific hea t of most minerals 

'^Van Orstiund, .A.A.P.G. Bull., 19(1), 78-115 (Jan., 1935). 

■’‘For correlations of depth-temperature with depth-porosity curves see Van 
Orstrand, ibii., 18(1), W (Jan., 1934). 

Depths to boiling point of water arc 7000 feet or less in one-third of the loca- 
tions investigated by Spicer {.t.A.P.G. Bull., 20(3), 279 [March, 1936]). In the 
remaining two-thirds, they are 10,000 feet or less. 

““Physics, 2(3), 139 (March, 1932). 
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and rocks is in the neighborhood of 0.2 for dry rocks, but it may increase 
to 0.5 to 0.7 for moist formations. Wet peat, with 0.9, approaches the 
specific heat of water. Table 76 gives a few representative values, in cal. 
gram”^ centigrade”^ 



Table 76 



SPECIFIC HEATS 



MINERALS 


Feldspar 

0.21 

Calcite 

0.20 

Dolomite 

0.22 

Quartz 

0.21 

Gypsum 

0.26 




SEDIMENTARY ROCKS 


Sandstone 

0.22 

Loam (wet) 

0.51 

Slate ] . . . 

0.22 

Sandy loam (dry) 

0.49 

Clay 

0.22 

Sandy loam (wet) 

0.75 

Quartz sand 

0.19 

Humus soil 

0.44 

Chalk 

0.21 

River sand (moist) 

0.32 

Coal 

0.31 

Peat (dry) 

0.15 

Loam (dry) 

0.31 

Peat (wet) 

0.9 


IGNEOUS ROCES 


Granite 

0.19 

Andesite 

0.20 

Gneiss 

0.20 

Basalt 

0.21 

Porphyry 

0.20 

Syenite 

0.20 


Specific heat of rocks is determined by any one of the calorimetric 
methods used for other solids. For instance, the specimen may be heated 
to a given temperature, and then be dropped in a calorimeter. The 
quantity of heat given off until both specimen and bath have reached the 
same temperature is dependent on the specific heat of the specimen. 

Compared with the metals whose conductivity, when expressed in units 
of cal. cm.'^sec.”^ centigrade"^, may be as much as 1 unit (silver), most 
rocks have only a conductivity of third decimal value. Most sedimentary 
and some metamorphic rocks are distinctly anisotropic with respect to 
heat conduction. The anisotropy ratio is about (gneiss) to 3:1 

(schists). Table 77 gives heat conductivities for a few minerals and rocks 
in 10“^ C.G.S. units. 


Table 77 

HEAT CONDIJCTiyiTIES 
MINERALS 


Coal 

0.3-0. 8 

Calcite 

10 

Petroleum 

0.3 

Graphite 

12 

Mica 

0.9 

Rock *^salt 

. . . . 17“ 

Water 

1.4 

Quartz J_ 

17 

Ice 

2-6 

Fluorite. . 

. . . 25 

Gypsum 

3 

Magnetite 

30 

Feldspar 

5 

Quartz || 

32 


“ This value is for crystals and is probably too high for salt formation. Leonardon (Geophysics, 1[1], 115, 
fJan., 1936]) gives 6.6, which value is also quoted by Alexanian. 
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SEDIMENTAItY EOCKS^i 


Very dry sand 0.8 Molasse sandstone, 5 = 2.57, 

Sand with 11.3% moisture.. 2.7 Alpine limes 

Quartz sand (dry) 1.0 Limestone 

Quartz sand (moist) 8.2 Clayey lime, 5 =» 2.59 

Eed sandstone (dry) 2.5 Clayey lime, S = 2,71 

Eed sandstone (moist) 6.0 Lime 

Clays (dry) • 2,5 ^'Nagelflue,'^ S = 2.03 

Clays (moist) 3.5 ^‘Nagelflue,” 5 = 2.73 

Molasse sandstone, 5 = 2.06 3.0 

IGNEOUS AND METAMORPHIC ROCKS 

Granite, 5 =2.66 7.6 Slate 

Granite, 5 = 2.6 9.8 Phyllite.. 

Granite, 5 = 2.66 8.1 Lava, 5 = 2.62 

Basalt, 5 = 2.97 6.7 Traprock, Calumet & Hecla. 

Aare granite 4.0 Porphyry 

Eofna porphyry 5.5 Andesite 

Serpentine 8.4 Trachyte, S = 2.55 

Gneiss 5.3 Trachyte, 5 == 2.4 

Andesite 3.1 Garnet schist . . . 

Obsidian 1.9 Calcareous phyllite 

Marble 5.2 Lava, 5 = 2.83 


8.1 

4.9 
5.2 

6.7 
8.1 

8.8 

5.9 
9.0 


5.7 

7.0 

4.0 

3.4 

8.4 
6.9 

4.6 

3.0 

6.5 

4.7 

4.6 


The values for sedimentary, igneous, and metamorphic rocks indicate 
that the thermal conductivity is greatly dependent on porosity^^ and 
moisture. From molecular theory, the following relation has been de- 
duced/^ in -which c is thermal conductivity, Vi is longitudinal wave 
velocity, and 5 is density: 


c.l(f = v?.6^10”^\ 

Since approximately vi = \/E/5, the conductivity 

c -E-5.10"'', (11-5) 

where E is Young’s modulus. This relation has probably not been tested 
experimentally on rocks. However, calculations made for various ho- 
mogeneous rocks and for representative values of E and 5, give reasonable 
figures for the heat conductivity. The high heat conductivities of igneous 
and metamorphic rocks are in good agreement with high elastic moduli 
and densities. 

Thermal rock conductivities may be measured in the laboratory by ab- 
solute or relative procedures. An absolute method, illustrated in Fig. 
ll~-20a, provides a heater and a plate of constant temperature on both 
sides of a specimen. Holes of small diameter are drilled into it and are 

Largely after H. Eeich, Handb. Exper. Phys., 25(3). 

See also Van Orstrand, A.A.P.G, Bull., 18(1), 19 (Jan., 1934). 

23 N. M. Thornton, Phil. Mag., 6, 38, 705, 797 (1919). 
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fitted with thermocouples or resistance thermometers. If S is the surface 
of the plate and (h - ^i)A is the temperature gradient, the thermal 
conductivity 


c 


X Q 
S 62 — 


KIX-O) 


AvhereQ (cal. sec. is the heat current which may be calculated from the 
current and the resistance of the heater circuit. xAnother absolute method^^ 


Heater 



ric. 11-20. Arrangements for ineasiiring thermal conductivities of rocks: (a) 
absolute method, (6) and (c) relative methods. 


uses a thermocouple in the center of a slab whose two faces are exposc.'d 
to constant temperature for twxnty-four hours and then abruptly chilled 
to and kept at 0 ® C. The conductivity is calculated from the time required 
for the center temperature to fall to its half-value. 

A simple relative method for comparison with a material of known con- 
ductivity is shown in Fig. 11-20!?. Two plates of triangular shape are 
joined with their hypotenuses and covered with a wax film. If heat is 


2** Ingersoll, Phys. Pev.. 24, 92 (1924). 
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applied on one side, the wax will melt along a broken line which makes 
the angles <pi and <^2 respectively, with the diagonal. Then ci = 
C2 tan ^i/tan <p 2 , where the subscripts 2 refer to the standard material. 
Another convenient relative method, shown in Fig. ll~20c, places the 
specimen, of the conductivity ci and thickness di , in series with a standard 
of the conductivity cs and thickness 4 , with a copper plate between them. 
If a thermal gradient is now produced by heating one side and cooling the 
other, the conductivity of the specimen follows from that of the standard 
and from the respective thermal gradients: 


Cl = 


( 11 ” 7 ) 


Anisotropy of heat conduc- 
tion may be determined by 
covering the surface of a 
specimen with wax, apply- 
ing heat at one point, and 
measuring the axes of the 
melting ellipse. 

Variations in thermal 
conductivity of rocks and 
formations are of profound 
influence upon the thermal 
gradient. Since the heat 
current, that is, the quan- 
tity of heat transferred in 
the unit of time through a 
plate of section S and thick- 
ness d, is given by 

n __ cOz - di)S 



Fig. 11-21. Depth-temperature curve, showing 
effect of change in thermal conductivity (15 miles 
southeast of Thompsons, Grand County, Utah). 
(After Van Orstrand.) 


and since df (82 — h) is the 

reciprocal temperature gradient, or l/h (see page 844), it is seen that 


1 S 
h 


(11-86) 


Hence, the reciprocal gradient is directly proportional to the heat con- 
ductivity of a formation. This is well illustrated in Fig. 11-19 and par- 
ticularly in Fig, 11-21, where a reduced slope (large reciprocal gradient) 
corresponds to the increased conductivity of the salt. With the value of 


C. Christiansen, Ana. Physik., 14, 23-33 (1881). 
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6.6 given, oa page 848, the conductivity should be about 2.8 units for the 
overlying sediments, which agrees with the values for sands and clays 
given on page 849, An increase in the reciprocal gradient in salt is also 
evident in Fig. 11-22 from the arrangement of the isogeothermal surfaces. 
Usually the contrast on the contact of two media is not so sharp as that 
indicated in Fig. 11-21 but is more gradual because of the crowding of the 
lines near a medium of better heat conductivity.^® 

Where formations are deinitely anisotropic in respect to heat conduc- 
tivity,^^ the reciprocal gradient changes with dip. If h is the (normal) 



Ficj. li-22. Isothermal lines through Grand Saline salt dome, showing increased 
interval in the salt and a decrease in interval above it (after Hawtof ). 


vertical gradient, Ci the conductivity in the bedding planes, the con- 
ductivity normal t hereto, and rj the therrnal anisotropy that is equal to < 
then the normal gradient is reduced in the ratio 


1 

' sin^ ip 4 cos^ 


(11-9) 


Mathematically, the problem, is similar to the calculatiua of electrical potential 
distribution about a conductive body. See, for instance, J. Koenigsberger, Gerl. 
Bcitr., 18(1/2), 115-126 (1927). 

Van Orstrand, Amer. J. Sci., 16, 507 (June, 1928). 
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where ^is dip. The normal reciprocal gradient of 1° F. in 50 feet changes, 
therefoK), with dip to the extent shown in Table 78, if the anisotropy is 
1.765 (date). 


Table 78 



i/b 


50.0 feet 

5^ 

50.3 

10^. 

51.2 

ir. 

52.5 


The influence of dip can. be so 
pronounced as to make the isogeo- 
thermal surfaces almost parallel 
with the structural contours. 
Two well-known examples are 
the Salt Creek field (Fig. 11-23) 
and the section from Oklahoma 
City to Sapulpa (Fig. 11-24). 
The A. PI. report on geothermal 
investigations^^ contains many 
more instances of this character. 
Faults may be indicated in geo- 
thermal maps: (1) by a slight 
deflection of the isogeothermal,. 
surfaces if the fault has thrown 
blocks of different conductivity 
against one another;^® and (2) by 
a peak in the temperature curve, 
as shown in Fig. 11-25, if waters 
of different temperature circulate 
ill the fault plane. 

D. Heat GENERAriNG Proc- 
esses; Causes oe Tran- 
sient Temperatures 

As shown in the preceding sec- 


I/b 

20“ 54.5 feet 

25“... 56.8 

30“ 59,6 



temperature gradient and contours on sec- 
ond Wall Creek sand in Salt Creek dome, 
Wyoming (after Yau Orstrand). 


tion, static distribution of temper- 
atures is a fiinetion of the variations in the heat oouductivities of rocks and 
formations. With the exception of factors of geologic periodicity C-sueli as 
volcanism, glaciation, and radioactivity) most of the lieat-genorating pror- 


Am. Petrol. Inst. Prod. Bull. Nt>. 205 (Get., 1930). 

20 1. O. Haas and C.K. Hoffmann, A. A. P.G. Bull., 13(10), 1257-1273 (Oct., lT>i)Y 
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esses discussed below produce transient temperature conditions of widely 
varying duration. When such processes are to be detected by geophysical 
well inYestigation, it is, of course, not necessary to wait until temperature 
equilibrium has been established, as was the case in the structural applica- 
tions described in the preceding section. 

1. Radioactivity. Much has been written about the part played by 
radioactivity in the retardation of the cooling of our planet. It is im- 
possible to deal with this problem extensively here from the theoret- 
ical viewpoint. Reference is made to the review and bibliography by 
Yan Orstrand.^*^ It is noteworthy that virtually no verification of the 


Oklahoma City Davenport Key West Bristow Kellyville Saptilpa 



Fig. 11-24. Isogeothermal surfaces and depth to granite between Oklahoma City 
and Tulsa (after McCutchin). 

theory has been obtainable, the outstanding observation being that^^ the 
pitchblende deposit in Joachimstal, which is in one of the richest radium 
localities, does not exhibit abnormally high temperatures, 

2. Volcanism. In volcanic areas large anomalies in geothermal gradients 
may arise (n) from rapid changes in conductivities of formations (inter- 
calation of highly porous lavas, and the like), or (h) from circulating hot 
waters. In Oregon, Van Orstrand^^ observed reciprocal gradients as small 

30 A.A.P.G.Bull., 18(1), 13-38 (1934). 

31 J. Koenigsberger, Inst. Min. Eng. Trans., 39, 1-28 (1910), 

32 Van Orstrand, Am. J. Sci., 38, 22-46 (1938). 
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as 3.3 feet per degree F. and as large as 20-21 feet per degree P. In such 
cases, the depth-temperature curves maY consist of both extremely flat 
and abrL(^rmally steep portions. High rock temperatures should naturally 
be expected in areas of volcanic activity even without the presence of 
circulating waters. There is frequent evidence of this condition in mines 
located in volcanic areas. Underground workings in ores deposited by 
thermal vaters will show high temperatures if deposition is still going on. 


40 

to 


15\ C 
H ■ 

1Z - 



EI3 E2 S ^ m 

Tert. Cret Fermion Tnassk Coai 

Fig. 1 1-25. Torsion-balance and geotbermal indication of fault near Winters'wijk, 
Holland (after Fan den Bowhuijsen). 

3. Glaciation, As shown below (section e), any change of temperature 
at the earth^s surface is propagated downward in the form of a wave. 
Short-periodic changes, such as the diurnal temperature variation, are 
damped out within a few feet. Long-periodic variations, such as those 
occurring during glacial and interglacial periods, may be expected to have 
affected the thermal gradient down to several thousand feet of dcptli.'^'^ 
With sufficient data on geologic section and heat conductivities, the effect 
of temperature changes of given periodicity on the depth-tempieratiire 

83 A. C. Lane, Geol. Soc. Amer. Bull. No. 34, 711 (1923). 
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curve may be calculated. In this mauuer, lugersoll, et al,y^ estimated 
that 30,000 years have elapsed since the last glacial period. 

4. OiL Opinions were expressed in the earlier literature that chemical 
processes associated with the formation of oil deposits (polymerization, and 
the like) should have given rise to geothermal anomalies. However, no 
definite evidence of such anomalies has yet been found. Of particular 
significance have been (a) the measurements in the Burbank pool^^ where 
no rock deformation is in evidence and where no temperature .anomaly is 
found, in spite of extensive oil accumulation, and (f>) observations on salt 
domes, whose geothermal reaction appears to be the same regardless of the 
presence or absence of oil. Even in oil deposits which occur so near the 
surface that they are mined by shafts, as in Pechelbronn,®^ there is no 
evidence of a direct heat influence of the oil. On the other hand, it is 
possible to deternoine the influx of oil into a well by a slight drop in the 
temperature curve, which is probably caused by the expansion of the gas 
dissolved in the oil. In drilling wells, the well is conditioned with a light 
mud, and the survey is made several hours after circulation. In producing 
wells, it is preferable to swab the well down and to take the temperature 
run while it is filling up. 

5. Gase$ in subsurface formations are generally confined under con- 
siderable pressure. When they are tapped and liberated by a well, the 
reduction in pressure produces a decrease in temperature in accordance 
with the relation 

A. ai>/^273®C. 

Ae = c-AP 1 ; 

where c is a constant depending on the gas, AP is the difference in pressure, 
and 6 is the temperature at which the gas escaped. As Fig. 11-26 shows, 
the effect is quite noticeable and may readily amount to several degrees 
(F.) drop in temperature. The location of the base of a gas fomiation is 
of considerable practical importance for determining the depth at which 
to set casing. If it is set too low, part or all of the oil formation may be 
cased off; if too high, a well with a high gas-oil ratio, or even a practically 
dry gas well, will result. In some areas, such as West Texas, temperature 
well surveys for gas are an indispensable adjunct to electrical logging. 

6. The location of water in wells is likewise of importance in connection 
with shutoff and cementation depth control. The interaction of formation 

A J.M.E. Tech. Publ. No. 481, Feb., 1932. 

36 K. C. Heald, A.P.I. Proc. Ball. No. 205, 

36 Haas and Hoffmann, loc, cit, 

3^ W, J. Gillingham and W, B. Steward, Petroleum Engineer, 9(7), 52-55 (April, 
1938), and 9 ( 8 ), 84-92 (May, 1938). 
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water and drilling fluid will produce quite different geothermal effects, 
depending on relative temperatures, hydrostatic head, and agitation. As 
shown in Fig. 11-27, the trend of temperatures in static condition may be 
as in curve a. Drilling will result in cooling the lower portion of the well 
by the drilling fluid, and in heating the upper portion in comparison. 



Fig. 11”26. Anomaly in depth- temperature curve due to escaping gas (after 

Leonardon). 


When the well is left idle, the 
lower portion will again tend to 
take the temperature of the sur- 
rounding formations and cool 
the upper portions further. A 
gradual approach to static con- 
ditions takes place. In practice, 
the order of events is reversed 
when several runs are taken for 
locating water flows. If the well 
has been idle for a time and a 
first run is taken, curve c is ob- 
tained. If, then, the mud is 
circulated for a few hours, a 
second run will give curve 5.^^“ 

Following this, the hydrostatic 
head of the mud is generally I'e- 
duced by hailing t o allow (warm) 
water to flow^ into the hole. 

This will give rise to a definite 

peak in the curve. Fig. 11-28 shows a series of water sands with their 
corresponding temperature peaks recorded through the casing. Xute Uk- 



Fig. 11-27. Deptli-temperature curves in idle 
drilling, and flowing wells (after French » . 


R. W. French, Oil and Gas J., April 27, 1939. 
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similarity of the temperature and the self-potential curves taken before 
the casing was run. 

Close supervision of temperature conditions in a well is valuable in con- 
nection with water encroachment problems. It is frequently observed 
that the temperature of oil flowing into a well remains fairly uniform until 
the well turns to water; then a rapid increase in temperature of the flow 
is noted. This may be explained on the basis of the difference in heat 
conductivity of oil and water. The temperature of the latter is likely to 

be higher than that of the 
former but not felt until the 
oil envelope separating it 
from the well becomes too 
thin. 

In shallow wells water 
does not always produce an 
increase in temperature; de- 
scending surface waters may 
produce negative deflections 
of the temperature-depth 
curve. In areas of volcanic 
activity circulation of- ther- 
mal waters may produce 
unpredictable anomalies in 
the records (see paragraph 
1). Since water-bearing 
beds are better heat conduc- 
tors than dry formations, 
depth-temperature curves 
flatten at times near the sur- 
face (increase in reciprocal 
gradient) as the ground- 
water level is approached.^® 
In some instances, temperature curves indicate that water leaves a well 
at one level and enters it at another. In such cases, virtually uniform 
temperatures may be maintained for appreciable depth intervals. 

7. Cementation problems are successfully handled by well-temperature 
surveys. To seal off water-bearing formations effectively, it is important 
to know at what point behind the casing the cement ring begins (Fig. 
11-29). There is an appreciable rise in temperature during the setting 
])eriod of the cement. For most Portland cements the temperature rise, 



m-\ 


Tempproft/re 


f70^ WJ= 

Fig. 11-28. Temperature Anomalies of water 
sands (after Guyod). (Note similarity of tem- 
perature and self-potential curves.) 


Van Orstrand, Problems of Petroleum Geology^ p'. 999 (1934). 
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Pig, 11-29. Location of top of cement collar hy temperature measurements (after 

Schlumberger) . 
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Fig. 11-30. Temperature rise during setting time of various cements (after Savage; 
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approached asymtotically within about one month (Fig. 11-30), is between 
40^^ and P. The corresponding temperature variation through well 
casing is of the order of 10°-20'' F. and therefore quite readily detected. 

8. Other chemical transformations aJffect well and underground tempera- 
tures when the reactions are of an exothermic nature. Well known in 
mining are such sources of heat as: active fires of broken sulfurous ores, 
or of coal, carbonaceous shales, and timber; the decay and oxidation of 
timber, aided by bacteriological action; and oxidation of sulfurous ores, 
coal, and shales (not sufficient to raise the temperature to the point of 
ignition). An example of this kind is the pyrite deposit of Sain Bel in 
France. Evidence of its oxidation is a zone of strong self-potentials above 
it (seepage 676). In workings 100-150 meters deep, the temperature is as 
high as in other mines at depths of around 1000 feet. Although some 
increase of temperature occurs in the transformation of anhydrite to gyp- 
sum, the main reason for the high temperatures of salt domes is probably 
the high thermal conductivity of the salt. 

E, Effect of Sijeface Relief and Sueeacb Tempeeature 

Since the earth ^s surface may be considered, in very close approxima- 
tion, an isothermal surface, and since all irregularities due to near-surface 
distributions of conductivity and topography must be expected to be 
equalized at a certain depth (geothermal ‘dsostasy’O^ if follows that the 
isothermal surfaces must he compressed under the depressions and ex- 
panded under topographic highs.®® The deflections of the isothermal sur- 
faces due to topographic irregularities may be calculated for a medium of 
constant diffusivity if the topographic profile and the gradients under the 
apex of a hill and the adjacent plane are Icnown. This calculation is 
readily made for ridges of two-dimensional configuration.'^® Fig. ll-31a 
shows such theoretical isothermal surfaces for the topography at the Long 
Beach field, and Fig. 11-316 represents actual rock temperatures in the 
Moffat Tunnel near Denver. 

Temperature variations at the surface of the earth penetrate into the 
ground to a depth which can be calculated from their periodicity. The 
diurnal variation is relatively unimportant for well measurements; its 
penetration is of the order of 3 to 4 feet. The annual variation, however, 
penetrates to a depth of about 80 feet in high and 50 to 65 feet in inter- 
mediate latitudes. For deep well measurements this variation is not im- 
portant if observations are started below lOO feet. The variation must be 

39 This phenomenon is analogous (and mathematically almost identical) to the 
effect of topography on the equi potential surfaces in an electrical field (see p. 702). 

Van Orstrancl, Physics, 2(3), 144 (1932). 
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coasidered in shallow holes unless temperature differences between ad- 
jacent holes are measured. The temperature ^d,t at a given depth i and 



ll-31a. 'Topographio effect (calculated) of Long Beach dome on iaothemal 
surfaces (after Van Orstrand). 



Fia. ll-31i). Observed temperatures in Moffat Tunnel near Denver (after Van 

Orstrand). 

tiinp. t (in days, from a reference instant) may be calculated for ground of 
known diffusivity K from 

^cos ^ - d/^ (11-11) 

where 6* is the mean annual temperature, h9„ is the annual range, and T 
is the period (365 days) of the variation. The exponential indicates the 
penetration, and the bracket term indicates the phase shift; K follows 
from eq. (1 1-4) and is expressed in in per day, if depth i.s in meters and 
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time ia days. It follows from this equation that the depth penetration 
of the daily variation is l/x/SiOS, or 1/19, of that of the annual variation. 

III. SEISMIC MEASUREMENTS 

Seismic measaremeats ia wells are made (1) to determine the vertical 
velocity distribution, (2) to extend the range of refraction exploration 
vertically and laterally, and (3) to determine crookedness of holes. 

Seismic {deep) well shooting is applied widely to secure data on velocities 
along refraction and reflection paths. To this end, shots are fired a certain 
distance away from the top of a well, detectors are lowered to successive 
depths, and travel times are recorded. This method was mentioned on 
page 465 in connection with total and differential vertical velocity deter- 
minations. On page 568 its relation to average reflection velocities was 
discussed. Seismic well shooting detectors are usually reluctance seismo- 
graphs of small diameter."^^ Several units may be arranged in tandem to 
increase the sensitivity. Precautions are required to protect their interior 
from the pressure of the drilling fluid. Shot instant and travel times are 
recorded as usual; over-all or differential velocities can then he readily 
calculated if the depth to the detector or detectors is known. For dis- 
tances from the top of the well comparable to the detector depths (oblique 
incidence) more elaborate calculations are necessary in order to obtain 
the vertical velocity distribution from travel-time records (see Fig. 
11-32). 

In shallow holes the procedure is reversed and shots are fired at the 
bottom of the hole while the detectors are set up at the surface. This is 
the present practice in connection with weathered-layer procedure and for 
securing average vertical travel times and velocities at the shot point 
(see page 576). 

In the vicinity of salt domes, faults, and other vertical contacts which 
are difficult to delineate by surface refraction measurements, deep wells 
can be used to advantage to extend the vertical range of refraction observa- 
tions.^^ Detectors lowered into wells on the outside of a dome will help 
to obtain more data on the flank formations. Wells used with shot points 
on the opposite side of the dome arc useful for determining overhang. 
The velocities in the salt and surrounding formations at various depths 
are usually well enough knowm to determine proportionate paths in the 
salt and in the sediments. 

The crookedness of drill holes may be measured by seismic procedures 

C. A. Heiland, Explosives Engineer, Dec., 1935, Fig. M. 

C. H. Dix, Geophysics, 4:(1), 24-32 (1939). 

B. McCollumi and W. W. Lallue, Oil Weekly, June, 1931. 
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in areas of simple stratigraphic and structural conditions. If a detector 
is lowered to the bottom of a well, and if shots are fired at three or four 
equidistant points (with reference to the top of the well), the travel time.s 
are equal, provided the bottom of the well is located exactly below the 
top. If the travel times differ, the corresponding hole deviation may be 
calculated from the geometric relations involved.^^ The accuracy of this 
method is not comparable to that of standard well surveying procedures. 
In addition, its application is limited to areas in which the welocity distri- 
bution around a well is absolutely uniform. 



jcxG. 11-32. Travel times (heavy curve) to various well depths from a point 500 
meters off w’ell top, with calculated velocity distribution (light curve) (after Bix). 

IV. MISCELLANEOUS MEASUREMENTS IN WELLS 

A. Determination ot R-^dioactivitt 

Measuremeats of radioactivity of rock samples taken from wells, mine 
workings, and tunnels have been made (since about 1905) by various 
investigators; the literature has been compiled by Ambronn.'*® In most 
instances the a radiation was examined, and radioactivity and type of 
formation could be correlated. Continuous measurements in deep wells 
by the wire-activation method were suggested by B. Ostermeier.'*' 

Interest in radioactive well examination was recently revived, inasmueh 
a.s the penetrating 7 radiation is about the only rock property permitting 


D. C. Barton, A.I.M.E. Geophys. Pros., 587 (1929). 
Elements of Oeophj/sics, pp. 125-126. 

« Zeit. Tech. Phys., T, 196-198 (1926). 
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of well logging through casing.*^ A. radioactive well logging arrangement, 
is shown in Fig. 11-33. Two Geiger counters^ (to eliminate chance varia- 
tions) are connected separately through two low-impedance secondary 
transformers to two A.C. amplifiers feeding into thyratron-controlled fre- 
quency meters. The latter are provided with a tank circuit (12 micro- 



Tig. 11-33. Geiger-Mueller tube arrangement 
for gamma-ray well logging (after Howell and 
Prosch) , 


farads across 1 megohm) to 
smooth out the current varia- 
tions, so that the galvanometer 
indication is proportional to 
an average pulse frequency. 
The measuring cylinder may 
be lowered and records may 
be taken at a rate of about 
1500 feet per hour. As Fig. 
11-34: indicates, the y^ay in- 
dication is markedly parallel 
to the potential and to the 
impedance record of the elec- 
trical log. High porosity sands 
are indicated by radioactivity 
lows, shales by radioactivity 
highs The sand indications 
do not appear to be affected 
by variations in oil content. 
While a-ray determinations 
made on oil sand cores show 
an increase of radioactivity, 
y-ray logging does not seem to 
be sensitive to the presence of 
oil. However, it has been 
found that gamma rays will 
pick up readily the presence 
of unconformities, which is 
prohabl}' due to the concen- 
tration of radioactive materials 
on such surfaces. Comparison 


of the two lower curves in Fig. 11-34 gives an idea of the absorption of 


gamma radiation in the well casing. 


G. Howell and A. Frosch, Geophysics, 4(2), 106-114 (1939), 

See pp. 881-883. 

The high radioactivity of shales is due largely to the ability of colloids to absorb 
radioactive substances and possibly to the presence of pota-ssium compounds 
(see p. 875). 
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Measurements of radioactivity m shallow holes are made in connection 
■with the mapping of faults, contacts, dikes, radioactive ores, and the like. 
In this case the emanation method is applied. This involves the with- 
drawal of soil air from the hole into an emanation chamber, as described 
on pages 880-881. 


B. Magnetic MEAStrEBMEiTTs 

Most magnetic -well investigations involve laboratory tests of cores after 
removal from the 'well. Procedures for determining magnetic suscepti- 
bilities, remanent magnetization, and hysteresis curves of cores were de- 
scribed on pages 300-309 . In the magnetic core orientation method de'vised 
by Lynton®“ (Sperry-Sun), the direction of dip is determined hy locating 
the direction of magnetization in a well sample. With the exception of 

/m m)' /f. 

~ f/n/xobrxe 
"Porasifij 


Fig. 11-34. Comparison of electrical (impedanee and potential) logs with gamma-ray 
logs in open and cased hole (after Howell and Frosch). 

limestones, anhydrites^ and dolomites, cores with distinct bedding planes 
generally retain a sufficient amount of magnetism after removal and ship- 
ment. As shown in Fig. 11-35, the core, with axis horizontal, is placed 
close to the lower needle of an astatic magnetic system which, with the 
core, is shielded by a steel cylinder. The core is revolved slowiy through 
360°, and the deflection of the system is recorded photographically. The 
record will show a sine wave whose extreme amplitudes are proportional 
to twice the remanent magnetization. The effect of induced magnetiza- 
tion W'hich shows no reversal with rotation®^ may be eliminated by taking 
a second run in reverse direction and forming the difference of the two 
curves. To obtain absolute dip, a correction for the crookedness of hole 
must be made. 

Magnetic measurements have also been used in wells to determine their 

A.A.P.G. Bull, 21(5), 580-615 (1937); Geophysics, 3(2), 122-129 (1938). 

See Chapter 8, section ri b, p. 300. 
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deviation from vertical and the azimuth of deviation. Tor this purpose, 
an earth inductor with vertical axis of rotation has been applied. As in 
the earth inductor compass/^ the e.m.f. induced in the coil depends on the 
orientation of the brushes, and, therefore, on the orientation of the appa- 
ratus with respect to the magnetic meridian. By suspending a pendulum 
(which can be magnetized at will from the surface) in a universal joint 

vertically above the coil, an e.m.f. 
is produced when the apparatus 
(and the hole) is not vertical. An 
accuracy of 0.5° is claimed.®^ This 
apparatus can naturally he used 
only in an open hole. 

It appears possible that earth- 
inductor measurements can be used 
to determine the magnetization of 
subsurface formations in open hole. 

C. Acoustic Mea.sueements 

Water flows in dee'p wells and gases 
escaping from formations, or from 
behind the casing, may be detected 
by acoustic measurements. Geo- 
phones of high frequency (about 
1000 cycles) are lowered into the 
well ill the same manner as are 
seismic detectors. 

In shallov) holes (maximum of 
several feet) acoustic measurements 
are applied in the location of leaks in 
water pipes under pavement, side- 
walks, and the like. A rod provided 

Fig. 11-35. Magnetic core orientation with a directional vibration pickup 
apparatus (after Roberts and Webb). may be lowered into the hole so that 

(since the approximate course of a 
buried pipe is generally known) the longitudinal component in the direction 
of the pipe, as well as the transverse component of vibration produced by a 
leak, may be measured. Since the transverse component is much more 

See Chapter 8, section iii c, p. 363. 

0. and M. Schlamberger and E. G. Leonardon, A.I.M.E. Geopbys. Pros., 269, 
(1934). 

Known as vibration differentiation method, Western Instrument Company (see 
also p. 962). 
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rapidly damped out than the longitudinal component which follows the 
pipe, the ratio of the two components at different frequencies (tuned 
amplifier) as a function of distance gives a cine to the location of the leak. 

D. Flxjid-Lbyel Measurements by Sound Reflection 

The depth to the fluid level in a deep well may be measured by recording 
the reflection travel time of an acoustic wave. The wave may be initiated 
by the release of compressed gas from a tank or by the firing of a cartridge. 
In the latter case the higher frequencies are filtered out mechanically by a 
tube which may be combined with a flame arrester.®® The reflections 
from the fluid level and other obstructions in the well (such as tubing 
collars, tubing catcher, and the like) are picked up by a microphone, 
stepped up by a selective amplifier provided with automatic volume con- 
trol, and are recorded photographically, or by a pen and ink recorder, 
The sound velocity is not constant under all conditions and depends on 
the composition of the gas mixture in the hole. An incremental velocity 
arises from the expansion of the gas used for initiating the impulse. The 
record may be readily calibrated, however, (1) by an auxiliary (coiled) 
tube of known length, (2) by the reflections from tubing collars of known 
depth, or (3) by the reflection from the tubing catcher or other reflector 
purposely placed at a known depth. 

E. High-Frequency Measurements in Open Holes 

In the earlier days of geophysical exploration, much thought was devoted 
to the possibilities of high-frequency methods for determining the charac- 
teristics of formations in an open hole. These ideas probably received 
their impetus from the demand for some method of ascertaining wall thick- 
ness in connection with the freezing method of shaft sinking. Small leaks 
in the freezing pipes, spreading of the freezing pipes at the bottom, and 
other causes leading to a break in the ice wall were known to produce 
disastrous results. It was thought that the measurement of the damping 
of an antenna lowered into the shaft would give good leak indications, 
owing to the considerable difference in the conductivity of brine, and ice 
or frozen ground. The method was then extended to measure antenna 
capacity in open holes, with the object of deternainiiig the dielectric con- 
stant of the surrounding formations. These procedures were covered by a 
number of patents, since expired. Beyond a few' brief references in the 
literature®^ nothing further has been published about them. 

J. J. Jakosky, Petrol. Tech., 2(2) (May, 1039). 

G. Leimtach, Pliys. Zeit., 14, 447-457 (1913). H. Linvy, Pbys, Zeit., 12, 1001- 
1004 (1911); 20, 416-420 (1919). 
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F. Gas Detection 

In shallow holes, gas detection methods have been used to locate gas 
leaks in buried mains and pipes. A bar of small diameter is driven through 
the topsoil or pavement at closelY spaced points, the sampling pipe shown 
in Fig. 11-36 is inserted, and the soil air is passed through a combustible 
gas detector, either by an aspirator or by open flow.^^ The detector con- 
sists of a sampling system and a hot wire detecting circuit. The sampling 
system is essentially a gas chamber with two platinum filaments ; one of 
these is exposed to the gas sample, and the other is sealed in air. The 
filaments form two branches of a Wheatstone bridge that becomes un- 
balanced when the temperature (and, therefore, the resistance of the gas 



ffeiland Research Corp, 

Fig. 11-36. Combustible gas detector with sampling tube and aspirator. 

filament) increases as the result of gas comhustion. A triple-screen 
explosion check surrounds the filaments inside the gas chamher. By 
systematic reconnaissance and detail surveys it has been found possible 
to locate leaks cori'ectly in 90 per cent of the surveys made. 

Gas surveys for the location of subsurface oil and gas accumulations are 
likewise made in shallow holes. These methods require detectors of much 
greater sensitivity, as described on pages 892-895. The double filament 
detector previously mentioned may be used in a deep well provided the 
hole is nncased and drj'. During drilling, the gas content of drilling fluid 


P. C. Dixon, Gas-Age Record, 76(24), 517 (Dec. 14, 1935). 
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can be logged continuously by connecting a gas detector to the discharge 
system in a suitable manner, 

6. Photoelecteic Measukements 

When formation water is discharged into a well, the transparency of the 
di’illing fluid increases. This change may be measured by a photoelectric 
detector. This unit contains a light source which projects a beam through 
a portion of the drilling mud to a photoelectric cell connected to a pre- 
amplifier. The resulting current fluctuations are further amplified and are 
recorded at the surface. In operation, the well is first conditioned with a 
light mud and then bailed out sufficiently to allow formation water to 
enter the hole.®® 


H. Side-Wall Sampler Bullets 

These bullets are short cylindrical shells fastened to two retaining wires 
and are shot electrically into the sides of an open hole. The cores thus 
recovered are analyzed in the laboratory for porosity, permeability, 
salinity, and content in colloids and organic matter. This procedure is 
useful for correlation with electrical resistivity and porosity (self-potential) 
logs; but, strictly speaiing, it is not a geophysical method. Details are 
given in the paper by E. G. Leonardon and D. C. McCann.®® 


Gilliagham and Steward, loc. ut. 
Petrol. Teck., 2(2) (May, 1939). 
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MISCELLANEOUS GEOPHYSICAL METHODS' 

1. RADIOlCriVITY MEASUREMENTS 
A. Genera.l 

Applications op radioactivity measurements in geophysical exploration 
are concerned with the location of concentrations of radioactive material 
and radioactive rocks. Other applications of radioactivity in geology, 
such as its possible contribution to the earth’s temperature and its use 
in the measurement of ages of rocks, are not discussed in this chapter. 
As a whole, radioactive substances are fairly uniformly distributed all 
over the earth and are present in the atmosphere, the water, and the solid 
earth. Local enrichments occur by association with certain rocks (mostly 
acidic igneous rocks), absorption in certain liquids (radon in water and 
oil), and confinement to predetermined transportation channels (faults, 
crevices, dikes, and the like) . 

As is well known, radioactivity is a group of phenomena characteristic of 
substances with high atomic weight (except potassium and rubidium), of 
which the best-known examples are uranium, radium, and thorium. 
Probably tremendous energies were required to build up and hold these 
atoms together in the very early stages of the earth’s history. Since these 
conditions no longer prevail, they are now in a process of spontaneous 
decomposition. This process affects almost entirely the nucleus of the 
atom and is therefore unaffected by ordinary physical and chemical proc- 
esses such as heat, electrical and magnetic fields, and mechanical pressure. 
It can be changed and produced, however, by bombardment of the nucleus 
irith- particles comparable with, or identical in velocity and nature to, 
those released by radioactive atoms. If it w'ore possible to produce such 
nuclear changes by thermal energy, temperatures of the order of 10'“ 
degrees C. w’ould be necessary (Nemst). While in chemical transfoima- 

‘ The symbols in this chapter are the same as in Chapter 9, except where other- 

wise noted. 
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tions aad combinations the nuclear properties, such as mass and charge, 
remain unchanged, the radioactive decomposition of the nucleus alters its 
mass and charge and, therefore, alters the number of electrons in the outer 
orbit and usually its chemical properties.^ 

Nuclear transformations in radioactive substances are accompanied by a 
release of energy in the form of corpuscular emission, heat, and other elec- 
tromagnetic radiation. The corpuscular emission may be positive elec- 
trically, analogous to ‘"canar^ rays. It is then referred to as alpha radia- 
tion. If it is negative (analogous to ''cathode” rays), it is called beta 
radiation. The electromagnetic radiation may be at the low-frequency 
end of the spectrum. Then it is noted as heat and will not be further 
discussed here. It may also be at the very high-frequency end of the 
spectrum. If so, it is more penetrating than X rays and is spoken of as 
gamma radiation. As the decomposition of radioactive products proceeds 
and new elements are formed, the character of these radiations changes. 
Some of them emit only alpha, others only beta and gamma, and still 
others all three radiations. As a rule, their velocities (and for the gamma 
rays, their absorption) are characteristic for the element present. In other 
words, it is possible to identify radioactive elements by their radiation. 
Moreover, the radiation intensity is found to be proportional to the 
tity of radioactive matter present. As a matter of fact, radioactivity 
measurements are virtually the only means of quantitative study of radio- 
active elements, since approach by chemical analysis is not only difficult 
but frequently impossible. 

Very schematically, the origin and relation of the various radiations is as 
follows ; Within the nucleus there is probably a central nucleus (Ruther- 
ford) which carries virtually all the mass of the atom. Its number of 
positive charges is equal to the atomic order number (92 for U, 88 for Ra, 
82 for lead, and so on) , This central nucleus may be assumed to be sur- 
rounded by neutral helium satellites (possibly on intemuclear quantum 
orbits) consisting of alpha particles with two electrons. When these elec- 
trons are lost, a doubly positive alpha particle is expelled with tremen- 
dous energy by repulsion from the central nucleus. The alpha particles 
have the greatest individual energy of any particle known to science. 
They are identical in mass for all types of radioactive elements emitting 
them and have velocities approaching 10,000 miles per second. Each 
radioactive substance produces alpha particles of characteri.stic .speed. 
The shorter the period of transformation of a radioactive element, the 
greater is the velocity of the alpha particle. One gram of radium emits 

^This chemical change is most striking in the case of radium, which is a solid 
resembling barium, then changes into a chemically inert gas (radon) which in turn 
changes to a solid (Ra A). 
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alpha particles at the rate of 3-6 x 10^® per second. These particles are 
assumed to consist of two neutrons and two protrons (= H nucleus, mass = 
1 unit,® charge 1 unit positive). Therefore, when an alpha particle is 
released, the atom number decreases two units and the atomic weight four 
units. 

Despite their great velocities, alpha particles are readily stopped, the 
fastest (of thorium C', v = 2 x 10^ cm- sec r^) being absorbed by air of 
8.62 cm thickness. An aluminum foil of 0.05 mm thickness is sufficient 
to keep the apha radiation out of an ionization chamber. In different 
elements the range of the apha particles is proportional to the square root 
of their atomic weights. Nevertheless, it is probably the most important 
radiation for the measurement of radioactivity, particularly in connection 
with emanation measurements. In a chamber of 10 cm side length, the 
ionizing effects of alpha, beta, and gamma radiations are as 10,000: 100:1 . 

When an alpha particle is released, two electrons become available and 
may be captured by the central nucleus or shot off as beta particles. Only 
one of the radioactive elements (radium C) emits beta particles simulta- 
neously with alpha particles. The others alternate, by themselves or in 
groups, between emitting alpha and beta particles. The release of a beta 
particle (charge — e) raises the atomic number by one unit, but it is not 
believed to affect the atomic weight (since m = 1/2000 unit). The ve- 
locity of beta rays may be as much as 99.8 per cent of light velocity. The 
harder components are very penetrating. An aluminum sheet of 0.5 mm 
thickness absorbs about one-half of the uranium beta rays. This radia- 
tion possesses much less energy than does the alpha radiation. More than 
half of the beta radiation incident on a metal plate is reflected and dis- 
persed; when it passes through matter, X rays are generated. 

Similar in nature is the emission of gamma (^‘penetrating’’) rays from 
the nucleus of the radioactive atom. Since gamma rays never occur by 
themselves but always in conjunction with alpha or beta radiations, it is 
probable that they are produced by inteniuclear orbit rearrangements 
following the emission of beta particles Some of the softer radiation 
possibly originates outside the nucleus by changes in the inner electron 
orbits. The wave length of gamma rays is of the order of 10^^ to 10”^^ 
cm. Their penetrating power is so great that 55 mm of aluminum or 
12 mm of lead is required to reduce the gamma radiation of radium by 
one-half. Gamma rays produce a secondary beta radiation (whose pene- 
trating power is almost as great as that of the primary radiation) not only 
when they pass through other materials but also in their own atoms by 
releasing electrons from the inner extranuclear orbits. The absorption of 

^ The unit of mass is 1/10 of the weight of the oxygen atom or approximately 
equal to the atomic weight of hydrogen. 
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gamma rays depends on the density of the substance traversed and is, 
therefore, usually expressed in terms of a ^‘mass-ahsarption-coeflS.cieat.'' 

It is seen that all radioactive radiations are analogous to tube discharges 
in high electrical fields. For instance, the energy of an alpha particle of 
Ra is 8 million electron-volts. To produce electrons having the same 
velocity as the beta rays from Ra C', 3 million volts would be required. 
To excite X rays of the frequency of gamma rays (10^® to 10^® cycles), 
a tube with 2-3 million volts would be necessary. Incidentally, the volt- 
ages employed in atom-smashing machines are of this magnitude. 

It was mentioned before that radium breaks up into one atom of (ionized) 
helium and another of radon (radium emanation). This gas is of special 
importance in the technique of radioactivity measurements, since its alpha 
radiation and the quantity of radium in radioactive equilibrium with it 
can he readily determined. At normal pressure and temperature, 0.6 mm® 
of radon weighing 6- 10~^ grams is in equilihrium with 1 gram of Ea and 
is called a curie. For radioactivity tests of liquids, the Mache unit 
(1 M.I7. = 4*10“^° curie units) is often used. This represents the amount 
of radon in one liter producing a ^ ^saturations' current^ of 1-10”® e.s.u., 
that is, 1 curie produces a saturation current of 2.5- 10^ e.s.u.'s. Com- 
pared with radon, the corresponding gases in the thorium and actinium 
series are unimportant because of their rapid decay. The half-value 
period of thoron is 54 seconds, that of actinon 3.9 seconds, and that of 
radon 3.82 days. 


B. RADiOA.c'TivirY OP Rocks 

The radioactive elements and decay products, respectively, of uranium, 
thorium, actinium, rubidium, and potassium are, geologically, of very 
unequal distribution and importance. Rubidium and actinium are so rare 
that they may be disregarded completely. Although potassium occurs 
abundantly and often rather uniformly throughout geologic formations, 
its radiation is of low intensity and noticeable only where rocks contain 
potassium compounds in chemically recoverable quantities.® Of the two 
remaining radioactive elements, uranium is geologically more important. 
Its decomposition series contains a greater number of products of long 
life and strong radiation than does the thorium series. In the uranium 
series, radium and associated products are most readily detected in quan- 
tities much beyond the reach of the analytical chemist. It is customary to 
express the radioactivity of rocks in units of 10 grams per gram (or 

^ See p. 880. 

® G. Kirsch, Handb. Exper. Phys., 26(2), 32 (1931). 
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cm^) of substance. The radioactivity of gases is generally characterized 
by the amount of Ra-emanation present. 

Table 79 gives a few representative figures for the radioactivities of soil, 
water, and air. Table 80 gives a number of average values for the radium 
and thorium contents of igneous and metamorphic rocks. 

The radioactivity of igneous rocks increases with an increase in SiOa 
content. Basic rocks are generally less radioactive than are acidic rocks, 
although there are considerable regional and local variations. The average 


Table 79 

EEPRESENTATIYE TIGURES FOR THE RADIOACTIVITIES OF SOIL, 

WATER, AND AIR 



U 

Ba 

Tfa 

JEm. 

(Curie/ 

cm®) 

Fenutbatinq Rabiatioij 


(g/cms) 

i 

(g/cm®) 

(ionjs/cin®/sec.) 

Soil. 


2.3- 10-12 



3-5 I« 






(up to 20 I on ra- 






dium deposits) 

Water 

Soil air 


10“!' to 10~i« 

T 

o 

o 

T 

2-1 


Atmos, air . 




10-16 

about 4 I on land 





10-18 

0-2 I at sea 


“ I « ions. 


Table 80 

AVERAGE RADIOACTIVITIES OP IGNEOUS ROCKS® 


Rock 

Ba 

(10-12 g/g-l) 

Th 

CiO“««/g-i) 

Rock 

Ra 

(lO-u g/g-i) 

Th 

(10-*g/g-») 

Granites 

2.7 

20 

Gabbro, norite 

1.3 

5.0 

Quartz-porphyry 

3.9 

22 

Diabase, dolerito 

1.0 

2.2 

Syenite 

2.4 

17 

Basalt 

1.4 

5.6 

Diorite 

1.6 

9.9 

Basalt, high values 

5 

15 

Trachyte 

3.0 

17.9 

Basalt, low values 

0.5 

4 

Porphyri te 

2.8 

15.4 

Recent lavas 

Gneiss 

2-20 

2.1 

8.7 


® After Kirsch, loo. cit; A. Born, Lehrb. Geophys, p. 26. 


for acidic igneous rocks is about 3*10“^^ g Ra for basic rocks the 
average is about 1-10“^^ and may reach 0.5*10”^^ for extremely basic con- 
stituents. Effusive rocks are more radioactive than are plu tonic rocks; 
the radioactivity of metamorphic rocks is largely dependent on whether 
they are derived from igneous or sedimentary rocks. 

The average radioactivity of sediments is comparable to that of the 
basic igneous rocks, as shown in Table 81. This tabulation docs not in- 
clude the (recent) deep-sea sediments which range from about 10 to 
40-10“''g Ra. 
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Eadioactive mineral concentrations, not only in sedimentary but also 
in igneous rocks, may exceed their surroundings in radioactivity by 1000 
to 100,000 times. Eadioactive ores low in uranium oxide (from 0.3 to 0.5 
per cent) have a radium content of the order of 10"® g Ra g~^, while those 
of high concentration (80 per cent uranium oxide) reach 10“’ g Ea g“‘. 
Of interest is the observation of B4hounek that the range of a radium 
deposit is fairly limited.® The pitchblende deposit in Joachimstal could 
not be detected at distances exceeding 1000 feet. It is further significant 
that the anomalies caused by local concentrations of radioactive products 
(faults, and the like, see below) may exceed those due to radioactive 
ores. Hence, radioactivity prospecting is more useful for detailing local 
concentrations than for finding radioactive ores by reconnaissance. 

Likewise, the delineation of rocks of different radioactivities, the separa- 
tion of sedimentary from igneons rocks, and similar applications based on 
the data given in Tables 80 and 81 will be possible only in exceptional 
cases because of interferences from such local concentrations. On the 


Table 81 

RADIOACTIVITIES OF SEDIMENTARY ROCKS^ 


Rock 

Ka 

(lO-ng/g-i) 

Rock 

3Ela 

(lO-i* g/rt 

Slates 

3-8 

Limestones 

2-3 

Quartzite 

5 

Gypsum. 

7 

Sandstones 

2-4 

Dolomites 

8 


^ Largely after Born, loc. cit. 


other hand, radioactivity methods can be quite useful for locating faults, 
fissures, and other opeuiags along which radioactive products have been 
deposited or radioactive waters are circulating. Radon is readily absorbed 
by water much in the same manner as is carbon dioxide; it also has a 
tendency to accumulate in porous and shattered rocks, that is, in and near 
fractured and faulted zones. Experiments indicate that, to be radio- 
active, it is not necessary for such concentration channels to remain open; 
mineral dikes deposited in fault zones exhibit as much and sometimes more 
radioactivity than do open fracture zones. Organic matter appears to 
have a considerable affinity for radon. For instance, oil absorbs from 
40-50 times as much radon as does water (at temperatures from 20°-50‘^C.). 
Certain spring sediments containing vegetable matter are more radioactive 
than are the rocks on which they are deposited. Deep-sea ooze rich in 
animal remains is more radioactive than are ordinary sediments. Radio- 
active ores are freqnently found in beds rich in carbonaceous matter and 


spr. Bdiounek, Phys. Zeit., 28, 333-342 (1927), 
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plant remains. In some localities camotite is associated ■with fossil ■wood. 
An increased radioactmty of oil sands has been observed when the drill 
cores were tested by the alpha-ray method. However, gamma-ray logging 
has failed to indicate an increase in this radiation.® 

Radioactivities of minerals and rochs may be determined in the labora- 
tory in three ways: (1) by measuring the total radiation of a given weight 
of substance in an ionization chamber, (2) by preparing a solution and 
measuring the radiation of the radon contained in it, (3) by measuring the 


e 



Pig. 12-1. Measurement of rock radioactivity by emanation method (Mache and 
Bamberger, after Kirsch). {a) Motor, (b) shaking table, (c) drying tube, (d) ion 
trap, (e) dry-cell battery, (/) ionization cbamber, {g) electroscope, {h) manometer, 
{i) guard ring, (k) battery. 

penetrating (gamma) radiation of a given weight of substance with a 
Geiger counter or gamma-ray electroscope. 

Measurements under (1) are made as follows: The specimen is ground, 
dried, and weighed; and a definite amount (say 2 g) is placed in the tray 
of the ionization chamber of an electroscope whose scale value (volts per 
scale division) and normal dispersion rate are known. Assume the former 
to be 51 volts per scale division and the latter 3.5 millivolts per second. 
Then, if a 2-g specimen produces a total decay of 10 scale divisions in 
8 minutes, 50 seconds, the reduced decay is 96.2 — 3.5 = 92.7 millivolts 
per second, and the decay per unit weight is proportional to 46.4*10“^ 


®See p. 864. 
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volts ’SGC . T^lio GQ^nivSilonij coH'fcoii't is obtsiinGd bj’’ comp&rrisoii witli 
a, standard powder of identical thickness. If the standard weighs 3 g and 
produces a decay of 10 scale divisions in L minute, 8 seconds, the reduced 
decay is (750 3.5)/3 = 238.8-10 ^ volts- sec * per gram of substance. 

Assuming the standard to contain 2.5 ■ 10“® g Ha the equivalent radium 
content of the specimen is (46.3/238.8) • 2.5 - lO”® = 4.86 - 10“® g Ra In 
this method, therefore, the entire radiation (inclusive of that of thorium) 
is expressed hy the equivalent Ea content. 

Measurement of the activity of the emanation under (2) gives the Ra 
content alone. The specimen is ground up and about i g is fused with 





5 10 20 40 60 KK 200 400 600 

Fia.^ 12-2. Percentage of radon (developed in confined space) as a function of time 

sodium carbonate. The alkaline and basic solutions are kept separately 
in two sealed flasks for about twenty'-fiwe day\s. Within this time a maxi- 
mum amount of radon has developed and is in radioactive ^‘equilibrium” 
with the Ra in the solution, since, from then on, as much radon, is formed as 
in turn decomposes. For strongly radioactive solutions it is not necessary 
to wait twenty-five days, since the amount of radon present at any time 
may be calculated in relation to the maximum amount developed (see 
Fig. 12-2). One of the flasks is then placed on a shaking platform as 
shown in Fig. 12-1, and air is forced through the solution by a pump or 
aspirator whose intake connects to the ionization chamber outlet so that 

Within the time required for this experiment, the short-lived t horoii (W sec. 
half-valne time) has decayed completely. 
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air is continuously circulated through, the apparatus. The air-radon mix- 
ture then passes through a drying tube and ion trap, and then into the 
ionization chamber. 

The calculation of the equivalent radium content is done as follows, 
after a standard Ra solution has been treated in the same manner as the 
acid and alkaline solutions of the sample. If | g of rock was treated and 
the acid solution was left alone for 26 hours, 17.9 per cent of the maximuna 
radon was formed. When the air-gas mixture was forced through the 
ionization chamber, the dispersion was 10 scale divisions in 2 minutes, 22 
seconds. With a scale value of 51 volts and a normal dispersion of 3.5 
millivolt - 800 ““^ this is 359 — 3.5 = 355.5-10“^ volts -sec”^ and, reduced 
to maximum emanation emission, 1985-10“^ volts •sec“\ The alkaline 
solution was kept more than thirty days and produced, in 8 minutes, 10 
seconds, a decay of 10 scale divisions. This yields, with the above scale 
value and normal dispersion, 104 — 3.5 = 101.5 • 10"^ volts •sec”\ If this 
is added to the decay of the acid solution and reduced to 1 g of substance, 
the emanation yield of the specimen is proportional 4173* 10~^ volts -sec""^. 
To obtain the equivalent Ra content, the specimen is now compared with 
a standard solution of, say, 1.19-10^® g Ra, which, when treated in the 
same manner as the two sample solutions, produces a dispersion of 200- 10““^ 
volts •sec"'^ Hence, the specimen contained (1.19-10”®-4173)/200 or 
2.29- lO”^ g Rag’’^ 

In method (3) the radium content of a specimen is determined from its 
penetrating radiation. The specimen is set up at a fixed distance from 
the electroscope, which may be protected from the alpha and beta rays by 
a lead screen about J inch thick. The equivalent Ra content may be 
determined by comparison with a standard. The electroscope method is 
suitable only for strongly radioactive minerals and rocks; more universally 
applicable are Geiger counters (see section c). The specimen is placed at a 
fixed distance from the counter and its radiation is compared with that 
of a standard preparation. It is advantageous to surround the lower half 
of the counter (axis horizontal) with a heavy lead shield and to expose 
only the upper half of the counter tube^^ to the radiation so that the 
effective counter area is the section of the tube. The ionization of the 
gamma radiation from a milligram of Ra at a distance of 1 m amounts to 
about 120 impulses^^ per cm^ per minute of the effective counter area, and 
it decreases with the square of the distance, 

C. Instruments and Procedure in Radioactivity Exploration 

Radioactivity exploration may be carried out in two ways: (1) by taking 
soil samples and testing them in the laboratory for their radioactive prop- 

“ A. K. Las and K. Wdlcken, Phys. Zeit., 31, 136-139 (1930). 

Ibid, 



Chap. 12] 


MISCELLANEOUS GEOPHYSICAL METHODS 


879 


erties, or (2) determining the activity of formations m situ with portable 
ionization chambers. The first exploration procedure is identical with the 
methods described in the preceding section ; the second group of procedures 
includes: (a) measurement of the entire radiation with o'pen-bottom ioniza* 
tion chambers, (6) measurement of the soil-air emanation (mostly radon) , 
and (o) measurement of the penetrating (gamma) radiation. 

(a) An open-bottom ionization chamber is illustrated in Fig. 12~3. It 
consists of a metal box with insulated dispersion rod and double-leaf 
electroscope. The latter is detachable (as in most other chamber-electro- 
scope combinations). The dispersion rod may be charged by a rubber rod 


or small dry-cell battery. The charge 
mately the same leaf deflection is ob- 
tained for every measurement. The 
instrument is first tested in a room 
where no radioactive substances are 
present, and the normal dispersion rate 
is determined. When the chamber 
is placed on the ground (after the 
surface vegetation and top soil have 
been cleared off), the radioactivity of 
the surface formations and soil air 
will ionize the air in the chamber 
(mostly by alpha radiation) and pro- 
duce a corresponding decay of the 
charge. In a calibrated^^ electroscope 
the potential difference corresponding 
to a scale '.division is known, and there- 
fore the decay or dispersion dE/dt may 
he expressed in volts (or millivolts) 
per second. The latter is proportional 
fore to the (saturation) current, i, in t 


IS so dimensioned that approxi- 
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Pig. 12-3. Open-bottom ionization 
chamber (schematic, after Hummel). 
(1) Case, (2) electrometer, (3) leaf, 
(4) insulator, (5) dispersion rod, (6) 
charging rod. 

to the conductivity of, and there- 
he chamber: 


I = 



( 12 - 1 ) 


C is the capacity of the chamber (in centimeters) and iElAi is the dis- 
persion (in statvolts = (volts/300) sec"*). Current in amperes is obtained 
by multiplication by 1/9 X 10 ** instead of by 1/300. The current is 
proportional to the number (n.) of ions formed, so that 


C ctE 
SOO-e.y' dt ’ 


( 12 - 2 ) 


” By a dry battery and precision high-resistance voltmeter. 
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where e is the elemeatary quantum of electricity or 4.77 • 10“^® e.s.u.’s, 
V the volume of the chamber in and dE/dt is in volts * 860 ”^ 

In the calibration of the equipment, it is first necessary to be certain 
that saturation current is measured at all times. For this purpose the 
voltage loss dE/dt is determined for a given ioni25ation and for various 
voltages- This gives the voltage range for which the current is constant. 
According to Kohlhoerster,^^ a 4"liter chamber has its saturation current 
for potentials exceeding 100 volts and a 2-liter chamber for potentials 
greater than 80 volts. If these measurements are to be made accurately, 
the air in the chamber must be completely dry. The same is required of 
the field observations. The volume Y is determined by filling the chamber 
with water and weighing it. The capacity C may be obtained by cali- 
brating the chamber with a standard UsOs preparation of known disper- 
sion, usually rated for 1 cm capacity and 1 cm^ radiating surface. To 
avoid infesting the chamber with radioactive decay products, a duplicate 
chamber may be tested instead. Another method of measuring the ca- 
pacity uses a UsOs preparation and an additional condenser of known 
capacity.^® 

It has also been suggested that bore holes be used as ionization chambers 
and that a dispersion rod with electroscope be introduced after stationary 
conditions have been established.^® 

(6) The activity of the soil-air emanation (mostly radon) may be meas- 
ured with the instrument shown in Tig. 12-4.^’' A hole several feet deep 
and about 1-1 1 inches in diameter is pounded down in the surface soil 
with a steel bar. A pipe having a bulge midway of its length to prevent 
the influx of atmospheric air is inserted in the hole. This pipe is con- 
nected to the intake of a suction pump whose outlet in turn connects by a 
rubber hose to the dryer and filter tube of the instrument. The soil air 
is thus forced under pressure through the chamber. After several strokes 
■ of the pump, the chamber is shut off by two cocks, and the measurement is 
made in the usual manner by observing the dispersion rate. An alcohol 
lamp is provided to obviate insulation difidcnlties resulting from moisture. 
It is necessary to sample the soil air alw^ays at the same depth; if possible, 
soils of nearly identical consistency should be used and observations should 
be taken within the same time interval after the air has been pumped into 
the chamber. 

Kohihaerster, Phys. Zeit., 27, 62 (1926); 31, 280-288 (1930). 

Kohlhacrator, loc. cit.; V. F. Hess and A. Reitz, Phys. Zeit., 31, 2Si (1930); 
K. A. Millikan and D. H. Cameron, Pliy.s. Rev., 31, 921 (1028); and A. Lomakin, 
Inst. Pract. Geophys. Bull. 4, 151-156 (1928). 

15 J. Koenigsberger, Zeit. Prakt. Geol., 34, 187-190 (1926). 

Anibronn, Phys. Zeit., 28 ( 12 ), 444-446 (1927). A similar apparatus is de- 
scribed by A. Lomakin, op. cit., 3, 124-136 (1927). 
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The type of emaiiometer described here may be applied also in meas- 
uring the actmty of spring and soil waters (''fontactometer'')- The water 
is placed in a bottle similar in construction to that ^hown on the shaking 
table of Tig. 12-1 and connected to a rubber bulb aspirator in such a 
manner that the air circulates continuously through the -water and the 
ionization chamber. After the bottle has been shaken for about 1 or 2 
minutes and the air been circulated for about the same time, the cocks of 
the .chamber are closed and the electroscope is read in the usual manner. 
The dispersion is referred to a water volume of 1 
liter, and the current is calculated from formula 
(12-1) (in e.s.u/s); multiplication by lOOO gives 
the activity in Mache units-^® 

(c) The penetrating radiation is measured with 
an ionization chamber which is shielded above 
and on its sides against the “softer’’ radiations/^ 

Theoretically, a minimum thickness of 2.S3 inches 
of (inactive) lead is required. Bogoiavlensky 
used a chamber with brass walls 3 mm thick and 
lead shields 10 mm thick. The bottom is closed 
off by filters of varying thicknesses, which make 
it possible to determine the absorption coeflhcient 
and therefore the wave length of the radiation. 

It is probable that the radiation increases in 
hardness with the depth of the source. In Bogoiav- 
lensky’s apparatus the filters were each 2.5 mm 
thick, the 'Volume was 1650 cm®, the capacity 
0.725 cm, and the sensitivity 0,65 volts per divi- 
sion. 

Another convenient method of measuring 
gamma radiation is the use of a Geiger counter. 

In its most widely used form it consists of a 
wire surrounded by a cylindrical metal tube, 
sealed in a glass tube in an atmosphere of 
argon under about 8 mm pressure. The cylinder is usually at a nega- 
tive potential with respect to the wire. Alpha and beta radiation 
is almost completely rejected by this type of counter. The gamma 
radiation, however, passes readily through the glass and liberates electrons 



emanonieter. (1) Ioniza- 
tion chamber, (2) elec- 
trometer, (3) microscope, 
(4) charging peg, (5) dry- 
ing tube, (6) alcohol 
burner, (7) tripod. 


Since one M.ll. produces a saturation current of 1/1000 e.s.ii.’s, see p. 873. 
L. ISf. Bogoiavlensly and A. Lomakin, 2eit. Ocophys., 3, 87-92 (1027) :L. S. 
Bur. Mines, Circ. Inf. No. 6072, 1928; Inst. Pract. Geophys. Bull. 1, 57, 69, 184 (lti2o), 
2 , 184-195 (1926), 3 , 87-112 (1927), 4 , 165-178 (1928). 
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from the metal. These electrons, in rushing toward the wire, form positive 
ions and new electrons, building up the current exponentially until the 
potential difference drops to a point where ionization by eollison can no 
longer occur. Thence, the potential recovers at a rate depending on the 
time constant of the circuit (current ‘^pulse’^). The current is practically 
independent of the number of ions formed hy the original electron the 
same is true for open counters sensitive to alpha particles and beta rays. 
The pulses naay be counted by an arrangement shown in Fig. 12-5 iu 



Tig. 12-5. Geiger-Miieller tube, with amplifier and counter (after Neher). Mi 
== 5 meg.; Ea = 1 meg.; Rz ^ Ri ^ ^ ^ meg.; Eg = 1 meg.; Ri =,10,000 ohms; 

Rb = current-limiting resistor; = 80,000 ohms; Ci = 50 /x/x /; Ci = 0.2 /x/; Ca = 
0.1 /x/; V\ — lOO volts; V% = 250 volts. The tube following the counter is a, 57 and 
the output tube an 885. 

which the cathode, grid, and screen of the 57 tube and the wire of the 
counter are all at a high positive potential. When a rush of electrons 
passes the counter, the grid goes negative, blocking the current through 
the tube. Cathode, grid, and so forth, drop rapidly to ground potential 
When the counter potential drops below the threshold value, the current 
ceases. The negative charges leak off the grid ; and the tube, counter, and 
associated circuit are recovered for another count. The positive pulse thus 
produced gives rise to a gas discharge in the 885 tube, actuating the re- 
corder K and charging the condenser which, by its effect on the bias, 
stops the discharge in the tube. In a portable instrument, the high 
voltage batteries required for a counter are annoying and may be elimi- 

H. Y. Neher, in J. Strong, Procedures in Ex'perimental Physics, p. 259, Pren- 
tice-Hall, 1938). , 
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iiated by employing a, Y.T, oscillator, as shown in Fig. 12-6. Another 
feature of this apparatus is an output stage in which the pulses are rectified 
and passed into a tank circuit containing two 40-nf condensers and a 
counting-rate meter. The Geiger counter and first amplifier tube an* 
carried in an extension handle connected to the remainder of the instru- 
ment, so that the ground radiation at any point may be readily in- 
vestigated. 


C, 



Fig, 12-6. Portable Geiger counter detector, with oscilliitor replacing liigli- 
voltage batteries (after Kaiser). Ci = 500/i/r/; €•< = 0.01^11 Ci = 0-02 g/; = 0.01 

ytj-jCi = SfifiJ; Gc = 0.5 g/; C-, = 80 /i/ (midget electrolytic); N = G.E.-CD-IOIO-CI 
neon lamp, 40 milli-watt; Ti, T. = telephone jacks; TR = output transformer, 1:_B; 
GT - Geiger-Mueller tube; il/ = 0-200 or 0-1(10 rpicroamineters; Li, L-i, Ls = oseil- 
lator air-core transformers. 

D. Results and Interpretation' of RADio.voTivrrY Measuremfnts 

Meti^svirenieMts of radioactivity havo bctTi nuul(‘ (1) iu wells, to mdicate 
oil sands or formation Loundario.s; (2) undorgroniid, to lo(*ato couceiitni- 
iions of radioactive ores; (3) at the siirfactL lo loeati^ nidioaetive ores; 
(d) to locate radioactive springs; (5) to locate' oil; (ti) to mai) tiiults aiul 
contacts; and (7) to locate mineral veins, dhesc' ineasiinTaeiits haMdxMai 
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made by taking and testing samples, by open-bottom chambers, by ema- 
nometers, and by Geiger-Mueller counters. 

Results of radioactivity tests of oil well samples have been published and 
discussed by Ambronn.^^ In one of these, an increase of activity (alpha 
radiation) immediately below an oil sand was noted. Because of the high 
absorbing power of oil for radon, a peak of alpha-ray activity should be 
expected to coincide with the sand. As stated in Chapter 11,^^ there is 
no noticeable increase in gamma radiation in oil sands. Underground 
observations of radioactivity for locating pitchblende seams have been re- 
ported by von dem Borne^^ and B4hounek.^^ At a distance of 6 meters 
from a pitchblende seam, the latter observed an activity of 200 M.U. (per 
liter air, taken from drill holes) while at 17 meters distance the activity 
had dropped to about 3 M.U., and at 29 meters to about 2 M.U. It is 
likely that measurements have been made at the surface for the same 
purpose in the more recently discovered radium districts of the Belgian 
Congo and in Canada, although definite reports have not been published. 
In balneological work, the activity of spring waters is tested in routine 
fashion. The rather extensive literature on the subject has been reviewed 
by Ambronn.^^ Location of oil by surface measurement of the penetrating 
radiation appears possible only on shallow deposits, according to Bogoiav- 
lensky and Lomakin, who published the results of some experimental pro- 
files across the Maikop field in Eussia.^^ Above these shallow deposits, 
the radiation increased only 1 or 2 ions, the error being of the order of 
0.2 ions. 

Radioactivity measurements seem best adapted to the location of faults, 
fissures, contacts, and some types of mineral veins. An increased activity 
(alpha radiation) was first observed by Ambronn on some faults near 
Blankenburg and above an iron ore vein near Ilfeld in the Harz Moun- 
tains.^^ Similar observations on fracture zones in the Black Forest (near 
Wildbad) were reported by Link and Schober.^^ Mueller^® verified these 
results on mineralized veins and contact zones in the Siegerland. Some 
of his results are reproduced in Fig. 12-7. Patriciu surveyed a number 
of profiles across the Leine graben near Goettingen and located some 
hitherto unknown fault zones through an alluvial cover of 20 or 30 feet.^® 

Mements of Geophysics, p. 125, McGraw-Hill (1928). 

22 r. 864 

23 Eahilitationsschrift (Breslau, 1905). 

24 Loc, cit. 

23 Elements of Geophysics, p. 131. 

23 Op. cit., see p. 881. 

27 Jahrb. Hall. Verb, 3 ( 2 ), 21 (1921). 

2 3 Gas und Wasserfach, 69 , 225-28 (1926). 

2»P. Mueller, Zeit. Geophys., 3 ( 7 ), 330-36 (1927). 

33 Breuss. Geol. L-A. N. F., 116 (1930); curves reproduced by J. N. Hummel, 
Handb. Exper. Pbys., 26 (3), 537 (1930). 



12 ] 


MISCELLANEOUS GEOPHYSICAL METHODS 


885 


All the measuremeats discussed above were made by testiag the activity 
of soil air. According to Lane, a fracture zone could be located in Michi- 
gan by an analysis of the radioactivity of well waters.*^ Measurements 
of the penetrating radiation are reported to show fault zones much less 
distinctly than do observations of the alpha radiation.®^ 

If a fault is covered by a layer of alluvium, the thickness of cover may 
be calculated®* by assuming a linear source of concentration, Co , located 



a n 40 to K m so rnttm 0 to 40 Oe to m m attm 



Fia, 12-7. Effect of mineralized dike and contact zone on radon content of soil air 

(after Mueller). 

in the houadary between impervious rock and cover. The gas ascends 
through the latter by diffusion. A maximum concentration, 0^ , is located 
directly above the source and is given by 

, (12-3) 

where d is the sampling depth and A the thickness of the cover. At a dis- 
tance r = 0.76 A from the maximum, the concentration (activity) has 
dropped to one-half its maximum value. 

ir. HYDR.OCARBON (SOIL AND GAS) ANALYSIS 

Methods for the detection of hydrocarbons in the surface soil are desig- 
nated in the literature either as geochemical or geophysical. Their classifi- 

31 Scdence, 79, No. 2040, 34 (Feb., 1934). 

32 Ambronn, op. a/., p. 131. 

33 Koenigsberger, IZeifc. Geopbys., 4 ( 2 ), 76-83 (1928). 
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cation as a chemical method results from the fact that certain characteristic 
chemical compounds are the object of separation and quantitative detec- 
tion, whereas their inclusion among geophysical methods is justified on 
the grounds that they constitute a definite prospecting method and that 
procedures of detection and analysis are physico-chemical if not entirely 
physical. 

A. Macroscopic Microscopic Methods 

Soil analysis, in principle, is a refinement of the observation methods 
used for some time hy the geologist in his quest for indications of sub- 
surface oil accumulations. Although these indications have always been 
present and some of them were well known to the ancients, their signifi- 
cance was then not appreciated^® and thus the vast subterranean reservoirs 
of oil and gas remained untapped up to the middle of the past century. 

Surface indications of oil deposits may he of a direct nature, for example, 
emanations of hydrocarbons in the form of oil seeps, gas exhalations, oil 
impregnations, asphalt deposits, earth wax (ozokerite), iridescent oil films, 
or gas bubbles in water. Indirect indications are: shows of characteristic 
inorganic compounds, such as hydrogen sulfide (“sour^^ dirt, ^^sour’^ 
waters), sulfur bacteria, brines, and bromine and iodine waters; character- 
istic vegetation; or signs of mechanical displacements associated with gas 
emanations, such as mud ‘^volcanoes,' ^ gas mounds, sandstone dikes, brec- 
ciated clay dikes, and mud flows. Careful observations of these phe- 
nomena have led to considerable success in recent years. In the Gulf 
coast salt dome province alone, 75 out of 219 domes discovered prior to 
February, 1936, were located by the application of such ‘^macroscopic” 
detection methods.^® 

These methods have the disadvantage, however, that the indications arc 
not always unique. For instance, methane may be formed by doca.ying 
vegetation in swampy areas (and in coal and lignite seams), and salt 


3“^ Examples: the oil seeps near Cuba in southwest New York, used by the 
Seneca Indians for medicinal purposes; the St. Quiriiiiis spring on Tegerii Lake in 
Bavaria, known to the monks since the fifteenth century; the asphalt deposits near 
the Dead Sea (Clenesis 14: 10) and between Babylon and Nineveh; those at Apsheron, 
at Sakhalin, and in Trinidad (Sir Walter Raleigh, 1595); and, further, the “eternal 
fires’^ of the Chimaira in Lycia, as described by Herodotus about 450 b.c., and the 
fires of Burma , Mesopotamia, and Baku, the latter well known from the fire- worship- 
ping Zoroastrians or Parsis. 

Plutarch relates that the Macedonian warriors of Alexander tiie (ireat found, 
in 328 B.c. , oil oozing out of the rock on the banks of the Oxus (Ainii-Darya) River 
(near Bukhara, U.S.S.R.) and were much surprised since in the vicinity olive 
trees’' were in ovideiice. 

G-. Sawtclle, A.A.P.G. Lull. 20 (6), 728 (June, 1936). Another table in the 
same article gives 35 out of Ml domes. 
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TOters may originate from the leaching of salt deposits. Further, active 
seepages indicate a depletion of a subsurface reservoir and there is always 
doubt as to whether it is in its initial or final stages. Conversely, many of 
the best sealed (mid-continent, Paleozoic) fields have no seepage indica- 
tions at all. Even when they are accompanied by structural and strati- 
graphic observations, the use of surface indications has the obvious limita- 
tion that it is impossible to determine the length and direction of the 
supply channel from the visible surface concentrations. The siirface evi- 
dence may be far removed from a conomercial subsurface accumulation. 
In this respect, microscopic methods of observation and analysis are more 

Ta.ble 82 

DETECTIOKT OE HYDROC.iRBOlSrS AND ASSOCIATED mORGANIC 

COMPOUNDS 

1. Macroscopic Methods 

A. Direct Indie atioas 

1. Oil seepages 

2. Gas emanations 

3. Asphalt deposits 

4. Oil impregnations 

5. Wax (ozokerite) 

B. Indirect Indications 

1. Salt, sulfur 

2. Bromine and iodine waters 

3. Gas mounds 

4. Mud volcanoes 

5. Sandstone and clay-breccia dikes 
IL Microscopic Methods 

A. Oas Detection 

(volatile constituents in interstitial soil air) 

B, Soil Analysis for Occluded Constituents 

1. Volatilizable fraction 

Hydrogen, methane, ethane, propane, butane 

2. Extractable fraction 

Organic liquids, waxes, inorganic solids 

successful, since they locate not only concentrations on outcropping 
fissures, faults, and the like, but also accumulations resulting from the 
continuous flow by diffusion from the reservoir through the overlying 
strata. The pattern of indications furnished by the microscopic methods 
is therefore more uniform and has been found to show certain character- 
istic patterns in the fields thus far investigated. 

The micro methods fall into two groups: gas detection and soil analysis. 
In the former the concentration of gases in the interstitial soil air is deter- 
mined by withdrawing it from shallow holes and passing it through a 
portable detector, usually of the ^‘hot wire’’ type. Soil-analysis methods, 
on the other hand, require an anabasis of soil samples for their content of 
hydrocarbons and other significant constituents. There are two main pro- 
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ceduies of soil analysis, one depending on a determination of the volatiliz- 
able components — usually methane, ethane (propane, butane)^ and hydro- 
gen — and the other involving the extraction of organic liquids and waxes 
and inorganic constituents. The quantities investigated are exceedingly 
small and, therefore, the accuracy requirements are high. The gaseous 
parafhn hydrocarbons occur in quantities ranging from 10 to 1000 parts 
per billioTi by weight. The solids (waxes) vary between several tens to 
several thousand parts per million by weight, and the liquid organics from 
1000 to 10,000 parts per million by weight. Table 82 shows the relation 
of the more important gas and soil analysis methods, compared with the 
older macroscopic procedures. 

B. Significant Hyorocarbons; Occurrence 

The question arises as to which of the hydrocarbons present in and 
detachable from a subsurface oil concentration are the most significant, 
the most unique, and lend themselves most readily to observation and 
analysis. Crude oil is an exceedingly complex mixture of hydrocarbons; 
the composition varies greatly with locality and therefore with the original 
constitution of the organic source materials. It is assumed that they were 
converted by anaerobic fermentation of cellulose and proteins to methane 
and unsaturated fatty acids, probably in the presence of bacteria and salt 
water; these presumably changed by polymerization, aided by pressure 
and moderate temperatures, to the compounds of the naphthene series. 
D. C. Barton has assumed that the originally naphthenic petroleums were 
transformed to the more paraffinic types with time and depth. According 
to Brooks, ^^no petroleum has ever been found which contains unsaturated 
hydrocarbons of the olefine type, at least in the lighter fractions which can 
be separated by distillations without decomposition.” 

Table 83 illustrates schematically the relation and variety of the various 
groups of the natural hydrocarbons. In crude oil the aliphatic group is 
the most important; in coal and its derived products the aromatic com- 
pounds predominate, alhough they are also found in certain types of 
crudes. The saturated open-chain aliphatics (paraffins) are the chief con- 
stituents of the parajffin-bsise oils; the saturated closed-chain aliphatics 
(naphthenes) occur chiefly in the a^pAuZ^base crudes. The monolefin 
and diolefin groups, both open- and closed-chain, are represented chiefly 
in cracked oils and artificial products. Table 84 gives the composition of 
some of the crude oils, (a) in the low-temperature range from 60°--95° C., 

Problems of Petroleum Geology , p. 109 (1934). 

Dunstan, A. E., ei al. (eds.), Science of Petroleum, I, 48, Oxford (New York, 

1938). 



Table 83 

RELATION OF THE NATURAL HYDROCARBON GROUPS 
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which incidentally corresponds approximately to the temperature range 
at the depths where most of these oils are found, and (b) for the 250°-300‘^ 
fraction. 

In natural gases, methane predominates, then follow ethane, propane, 
butane, and pentane. Contents generally decrease with molecular weight 
(Table 85). Other gases present may include oxygen, hydrogen, helium, 
nitrogen, and carbon dioxide. According to this table, therefore, the most 
significant hydrocarbons of the crudes and natural gases are the paraffins, 

Table 84 

COMPOSITION OF SOME CRUDE OILS^^ 




60“-90®C. 



250®-300"C. 


Type 

Paraf- 

1 Naph- 

Aro 

Paraf- 

Naph- 

Aro- 


fins 

1 thenes 

matics 

fins 

thenes 

matics 

Grozay, high paraffin 

72% 

25% 




17% 

Grozny, paraffin free 

69 

26 

5 

35 

37 

28 

Texas (Mexia) 

64 

17 

29 

59 

29 

12 

Oklahoma (Davenport) 

73 

21 

5 

51 

32 

17 

California (Huntington Beach) . 

65 

31 

4 

31 

40 

29 


From G. Egloff, Reactions of P'ure Hydrocarbons (Reinhold, 1937). 


Table 85 

SOME U. S. GAS ANALYSES^® 


PiBLD 

Well 

Pris- 

STJBE 
(lb. per 
in. -5) 

IMeth- 

ANE 

% 

Eth- 

AITE 

% 

Pro- 

pane 

% 

Bu- 

tane 

% 

Pen- 

tane 

% 

Source 

Oklahoma City 

D 

265 

87.3 

7.9 

3.0 

1.8 


Separator gas 

Oklahoma City 

D 

16 

60.4 

16.9 

13.8 

6.3 

2.6 

Oil gas 

Eettleman Hills .... 

F 

1 1672 

85.6 

8.2 

3.6 

1.6 

1.0 

Free gas 

Kettleman Hills .... 

F 

52 

51,2 

18.5 

15.1 

9.7 

5.5 

Gas in solution 


R. Bowen, Science of Petroleum, op. cit., Vol. II, p. 1504. 


naphthenes, and aromatics. Of these, the aromatics take last place, are 
not present in all crudes, and would probably not be a unique indicator 
at the surface. Of the naphthenes and paraffins, the latter are unquestion- 
ably the mor(i important for gas detection and soil analysis, since at least 
the first members of the series are more readily isolated and detcumined 
quantitatively. 

It must be remembered that the determination of the constituents in a 
hydrocarbon mixture is a very difficult and sometimes im})ossible pro- 
cedure. Bowen^^ refers to an analysis of one oil by eight Bureau of 
Standards investigators who isolated in one fraction twenty-three par- 
affinic, eighteen napohthonic, and six benzenoid hydrocarbons. This work 

Ibid. 
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took sereral years. Evea a qualitative approach of this sort would not 
be possible in soil analysis where hundreds of samples must be analyzed 
in the course of one survey. This narrows most of the analytical work 
down to the paraffin series whose first members, at least, can be isolated 
satisfactorily. Trom butane upward, however, isolation by fractional dis- 
tillation is difficult because the number of isomers of different boiling and 
melting points increases considerably toward the end of the series. In one 
phase of soil analysis (for liquid and solid “pseudo”-hydrocarbons) isola- 
tion is not attempted, and these constituents are determined collectively 



Timp*ra/urt 


30 90 m 

Fia. 12-8. Melting points, boiling points, and molecular freights of some of the 

paraffin hydrocarbons. 


by extraction with certain solYents. In the “gas method/’ using the 
hot-wire type of detector, no differentiation in the type of comlbustible 
hydrocarbon molecule is made. 

Fig. 12-8 shows the variation of the melting points, boiling points, and 
inolecnlar weights for the first members of the paraffin series up to decane 
and inclusive of hydrogen. The variation of the molecular weight is 
linear; that of the boiling point, being a function of the niolociilar weight, 
is regular but not linear; and that of the melting point is irregular, particu- 
larly at the beginning of the series. At ordinary tein])erature and pressure, 
methane, ethane, propane, and butane are gaseous. The differences in 
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melting and boiling points of the earlier members in the paraifin series 
are utilized for their isolation by low-temperature fractionation, as shown 
below. 


C. Gas-Ditectioh Methods 

Gas-detection methods are aimed at the measurement of the content of 
combustible gases of the interstitial soil air near the surface. For this 
purpose, portable detectors of the hot-filament type may be employed. 
Samples of the soil are not taken. In these detectors no differentiation 



between ethane and methane is made; the effective amount of ethane 
depends somewhat on the technique of evacuation of the drill hole (because 
of the different densities and diffusion rates of ethane and methane). The 
air is sampled from shallow holes. These are drilled to a depth of about 
five feet, and are then sealed off with a lid provided with two concentric 
cylinders of large radius and a piece of tubing ending in a stop cock.^^ 
The hole is left alone for twelve to twenty-four hours before the air is 
pumped into the combustion chamber, shown in Eig. 12~9. Because of their 
natural agitation, the gas molecules in this chamber come into contact with 

Illustration in G. Laubmeyer, Petroleum, 29(18), May S, 1933. 
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the heated platinum filament and are burned -with the oxygen of the air 
thereby raising the temperature of the platinum filament which in turn 
increases its resistance. To attain sufficient sensitivity, the measurements 
must be made -with the gas mixture at rest, and the current must be turned 
on after the gas has been introduced into the chamber Hence, a ballistic 
galvanometer is best suited for the purpose. The instrument is calibrated 
by a mixture of air and methane and is said to be sensitive to one part in 
10 million. However, at the smaller dilutions the sensitivity drops rapidly. 
For instance, in one of the original Laubmeyer instruments, the deflection 
was 2.8 scale divisions for a dilution of 1: 10®, and 2.0 scale divisions for a 



American Askania Carp. 


Fig. 12-10. Graf-Askania double-chamber combustible gas detector. 

dilution of 1 : lO'^. The measurements are made by comparing the reaction 
of the galvanometer in an empty combustion chamber with that in one 
filled with the gas-air mixture. Difficulties arise from the fact that the 
voltage of the battery supplying the filament current cannot be kept suffi- 
ciently constant. 

This is avoided in the double-chamber instrument*® shown in Tig. 12-10 
in which the two combustion chambers are arranged in opposite arms of a 
bridge circuit, much in the same manner as in the regular double-filament 
combustible gas detector (see Fig. 1 1-35). The zero instrument is a Zeiss 
loop galvanometer which may be used also for photographic recording. 
The bridge is first balanced for air in both chambers, and the bridge 


A. Graf, Oel undKohle, 11(36), 644-648 (Sept. 22, 1935). 
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current is fixed for the desired ignition temperature of the wire. Then 
the sample is introduced into one chamber and the (ballistic) galvanometer 
deflection is observed. A mixture of gases may be analyzed by raising or 
lowering, in steps, the temperature of the wire, that is, by changing the 
bridge current. This has been demonstrated successfully for mixtures of 
methane, carbon monoxide, and hydrogen; but it would be difficult to 
accomplish it for a mixture of methane and ethane. Nevertheless, the 
same apparatus is usable for a separate quantitative analysis of air- 
methane and air-ethane mixtures if the ethane and methane have been 
separated from each other by some other means (such as low temperature 
fractionation, see page 900). 


5colt 

cfk 



Fig. 12-1 la. Ga,s indications (methane-ethane) measured with. Laabmeyer apparatus 
on Pierce Junction Salt Dome. (N. Gella). 

In its application as described, the bridge apparatus proposed by Graf 
measures the content of combustible gases in the same manner as the Laub- 
meyer instrument, without differentiation between methane and ethane. 
Fig. 12-1 la shows the results obtained with a combustible gas detector on 
the Pierce Junction salt dome near Houston, Texas, in units of galvanom- 
eter scale deflections. The anomalies are most pronounced on the flanks, 
are unsymmetrical, and are almost zero above the top of the dome. 

Another type of gas detoctor^^ measures the amount of carbon dioxide 
liberated upon the combustion of the gaseous hydrocarbons pumped from 
a well into the apparatus. Again, no differentiation is made between 
methane, ethane, and heavier hydrocarbons. The hydrocarbons are 


y. A. Sokolov, Neftianoc Hoziaistvo, 27(6), 28-34 (May, 1935). 
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burned, in the presence of (purified) air (or oxygen), to water and carbon 
dioxide. The volume of the latter and, therefore, the reduction of the 
original volume bears a definite relation to each other if the number of 
hydrocarbon.'? present and their molecular formulas are loiown. This pro- 
cedure (combustion and volumetric carbon dioxide determination) is also 
widely used in those soil-analysis methods in which gaseous members of 
the paraffin series are measured. 



I'lci. 12-111). Apparatus for measuring volume oon traction in tho combustion of 
hydrocarbons (partly after Sokolov). 

The combustion of hydrocarbon gases^^ of the molecular formula 
CnH 2 n 42 k (whcrc h is the number of carbon atoms and k may vary from 
— 3 to *+1) is governed by the relation 

C„H 2 a+ 2 k + -Os = n- CO 2 + (n + k)H 20 , (12-4) 

SO that 

a = CO, =iy, and AF.yii^.y, (13-5) 

with V as the original volume, A7 as volunxe reduction due to combustion, 
and O 2 and CO 2 representing the volumes of these gases. Fen- the mem- 
bers of the paraffin series, k = 1 and n takes values from 0 to 4, siuccsoil 

Aud of CO, CO 2 , O 2 , aiidH 2 , according to L, M. Dennis, Gas Anali/^is, Chapter 
XL 
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analysis is concerned only with the members from hydrogen to butane. 
With k = 1, eqs. (12-4) and (12-5) take the form 


= HCO2 + (n + DHaO 


and 


( 12 - 6 ) 


02 = ?^^. 7, C02 = a7, A7 


n d” 3 


•F, 


SO thatj for methane, CH 4 + 2 O 2 = CO 2 + 2 H 2 O, and, for ethane, 
C 2 H 6 + T O 2 = 2 CO 2 + 3 H 2 O, and similarly for the other paraffin hydro- 
carbons (see Table 86). 


Table 86 


COMBTJSTIOISr OF PAEAFFIJST HYDROCARBONS 


Hthrocarbon 

Combustion EquaiTIOn 

CONTEACTION IN HC VOLUMB UNITS 

HC -f Oxygen = 

= CO 2 -1- Water 

witli CO 2 absorp- 
tion = HC vol. 

-j- O 2 vol. 

withLOut CO 2 absorption 
= HC vol. 

-f O 2 vol. — CO 2 vol. 

Methane 

CH 4 i 

2 

1 

2 

3 

2 

Ethane 

CaHs 

3.5 

2 

3 

4.5 

2.5 

Propane 

CaHs 

5 

3 

4 

6 

3 

Butane 

C^Hio 

6.5 

4 

6 

7.5 

3.5 


I 

II 

III 

\Y 

(I + II) 

(I -f II - III) 


The volume contraction may be measured by an apparatus of the type 
illustrated in Fig. 12-1 lb, fashioned after the Burrell methane indicator 
and consisting of a combustion bulb, S, connected through an equalizing 
vessel, A, with a capillary and compensator, (7. The latter is provided 
to obviate changes in reading due to changes in volume resulting from 
variation of temperature. The gas is introduced through the bubbling 
tubes and burned by heating the platinum filament. The corresponding 
volume contraction follows from readings of the capillary before and after 
combustion. The sensitivity of the apparatus can be increased by using, 
in place of water, potassium hydroxide, which has the property of ab- 
sorbing the carbon dioxide and which, therefore, raises the contraction, as 
shown in Table 86. If methane alone is present, its quantity follows 
directly from the amount of carbon dioxide developed and, therefore, from 
the contraction. However, admixtures of heavier hydrocarbons will con- 
tribute proportionately greater amounts of contraction, since the volumes 
of carbon dioxide are equal to the numbers of carbon atoms. This type of 
apparatus, like the second Sokolov field instrument to be described next, 
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does not differentiate between the hydrocarbons contained in the soil air 
and gives greater indications for the heavier constituents. 

Difficulties experienced with instability of the capillary induced Sokolov 
to design another combustion instrument, illustrated in Pig. 12-12. Its 
action is based on a determination of the amount of air which must be 
burned to liberate a minimum detectable volume of carbon dioxide. De- 
tection is made by the turbidity produced hy the passage of the gas 
mixture through a barium hydroxide solution after combustion. A carbon 
dioxide content of about 0.03 per cent is rectuired to cause turbidity. The 
corresponding volume of air may be read on a burette and is called the 
apparatus constant C. If air containing hydrocarbons is then burned 
and carbon dioxide is liberated, and if F is the volume of air required to 



Fig. 12-12. Portable (combustion-absorption) gas detector (after Sokolov), 
(a) Caustic potash tubes for removal of carbon-dioxide; (5) burette; (c) combustion 
tube; (d) absorption capillary; {1) leveling flask. 

sUrt turbidity, then the content of carbon dioxide in percentage is 
0.03 X C/V, The smaller the hydrocarbon content, the greater there- 
fore is the volume required to cause turbidity. Hence, it is a virtue of 
this apparatus that the readings increase as the hydrocarbon content 
decreases. It is obvious that the air must be well cleaned of carbon 
dioxide before being injected into the apparatus. For this purpose the 
two bubble tubes a filled with caustic potash are provided. In applica- 
tion, the soil air is first passed through these tubes, and through the com- 
bustion chamber c (cold filament), the turbidity capillary d (constructed 
like the Hankus type of Orsat pipette), and the burette b. Then the 
capillary pipette d is filled from a jar with (A^/ 10 ) Ba(OH ) 2 solution, the 
filament turned on, the stopcocks closed, and the burette read. As soon 
as turbidity appears, the burette is read again, the filament turned off, 
and the capillary tube washed. The apparatus is calibrated by known 
volumes of CO 2 or CH 4 and is reported to be accurate to 1- 10 ^ to 1 -10 . 
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Sokolov^® also developed an apparatus for the separate determination of 
methane and heavier hydrocarbons by low-temperatnre fractionation, com- 
bustion with air, and volumetric determination of the carbon dioxide thus 
formed. This procedure is very similar to that applied in soil analysis 
and will be discussed in section n. 

An adaptation of the mass spectrograph to gas and soil analysis was 
recently proposed by H. Hoover, Jr., and H. Washburn.'^^ The mass 
spectrograph is an electron gun for determining the mass of positive ions 
(canal rays) by deflection in a combined electrical and magnetic field. It 
consists of an ionization chamber in which gas molecules are bombarded by 
electrons. The positive ions thus formed pass through a small slit, are 
accelerated to a high velocity by a potential of several hundred to a thou- 
sand volts, and then pass through another slit into a semicircular evacuated 
tube placed in a magnetic field. At the end of the tube is a slit through 
which only ions of a predetermined radius of path curvature can pass. 
Behind the slit is a collector for measuring the number of arriving ions. 
The ion current is stepped up by an amplifier and recorded as a propor- 
tionate plate current by an oscillograph galvanometer. If the magnetic 
field H is held constant, the only quantity determining the radius of 
curvature r of the ion path is the accelerating voltage JE, since for a given 
ion m/e = A mixture of gases can therefore be analyzed by 

slowly varying the accelerating voltage so that ions with various masses 
are admitted successively by the exit slit, where their number is recorded. 
It is claimed that an accuracy of 0.2 parts per billion by weight is readily 
obtainable and that an analysis for the first members of the paraffin series 
in a gas mixture takes only a few minutes. 

Other methods of ga.s analysis which have been proposed include: 
(1) infrared absorption spectroscopy, (2) Ramann effect spectrography, 
and (3) low-voltage excitation and observation of resonance radiation. 
Although some of these methods ma 3 ^ also be applicable to laboratory pro- 
cedure, none of them has found, as yet, practicable application in gas and 
soil analysis work. 


D. Soil Ana^lysis 

As the name indicates, soil analysis differs from gas detection in that 
soil samples and not gas samples are analyzed. By breaking down the 
mineral grains mechanically and, if necessary, chemically, it is possible to 
obtain access to the entrained and occluded hydrocarbon constituents in- 
stead of depending solely on the interstitial air. Otherwise, in some phases 

loc. cii. 

A.LM.E. Tech. Publ. No. 1205, May, 1940. 
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of the -work, the analyiical procedures are similar if not actually alike. For 
instance, for an analytical determination of methane and ethane, it TY^alrPfa 
no difference whether the sample introduced into the apparatus is pumped 
out of the ground or is obtained hy boiling a soil sample with water and 
solvents. While such analytical procedures in which the volatilizable frac- 
tion is determined are therefore equivalent to gas-analytical methods (see 
Table 82), there are other soil-analysis methods relying on the fractions 
which are extractable hy solvents (so-called liquid pseudo-hydrocarhons 
and soil waxes). 

For an analysis of the volatilizable components— hydrogen, methane, 
ethane (plus propane and butane if present) — soil samples are taW usually 
hy hand augers or light machine drills at depths varying from 5 to 15 feet. 
Where practicable, they should be secured below the ground-water level 
or below the surface-weathered layer. Contact with any oil- or grease- 
contaminated soil, vicinity of pipe lines or roads, and the like, must, of 
course, he avoided. Duplicate samples are usually taken at each location 
and are shipped to the laboratory in mason jars. They are then freed of 
moisture, and definite quantities are weighed out and transferred to a 
degassing apparatus. Some companies liberate the occluded gases from 
pulverized specimens at fairly high temperatures. Others prefer to boil 
them off from an aqueous solution to which, if necessary, certain solvents 
may be added to accelerate the degassing process. 

After the gas has been driven out of the soil sample, it is pas.sed to an 
analytical apparatus consisting essentially of low-temperature condensa- 
tion, combustion, and pres.sure-measurmg components Descriptions and 
illustrations of such apparatus or procedures, respectively, have been given 
by V. A. Sokolov,^* L. Horvitz,® E. E. Eosaire,®" and D. H. Stormont.®' 
The diagram of Fig. 12-13 is a simplified scheme incorporating the more 
important features of these descriptions. The pressure in the component 
parts may he indicated by a compression manometer of the Arago-McLeod 
type, as shown, or by some other low-pressure gauge. The vacuum is 
generally produced by rotary Gaede or Ceneo pumps working in conjunc- 
tion with a mercury diffusion pump. More than the two condensers shown 
in the scheme may be employed to increase the number of fractionation 
components. 

To produce low temperatures, liquid oxygen (— 183°C.) or liquid nitrogen 
I i.s The number of purification stages is subject to varia- 


V. .'V. Sokolov, Ivc. cit. 

L. Horvitz, Geophysics, 4(3), 212 (1939). 

'“E. E. Rosaire, Handbook of Geoeheiaieal Prospecting, fig. 4, p. 20, Subterrex 
(Houston, 1939). 

D. H. Stormont, Oil and Gas J., 53 (Sept. 14, 1939) . 
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tion. Additional parifiers of solid caustic potash and absorption tubes 
with sulfuric acid may be added to take out unsaturates and aromatics. 
In operation, the entire apparatus is evacuated, the Dewar flask containing 
the liquid air or nitrogen is moved up to the condenser Ci , and the gas 
sample is admitted at a. As the sample passes through Ci , ethane and 
the heaviest hydrocarbons are retained and the remaining noncondensable 
fraction (methane and hydrogen) are allowed to pass through C2 into the 
combustion tube T. 

Upon isolation from the rest of the apparatus, hydrogen and methane 
are burned with the oxygen of the air to carbon dioxide and water, which 
are frozen Out in condenser C2 . The remainder of the air is then pumped 
out, the Dewar flask is withdrawn from C2 , and readings are taken on the 
compression manometer, M, at various temperatures. This allows calcu- 


c. 



Fig. 12-13. Scheme of laboratory apparatus for gas and soil analysis (partly 
after Sokolov), (a) Inlet from degassing apparatus; (7) vacuum; (C) condensers; 
(M) manometer; (D) Dewar flask; (T) combustion bulb. 

lation of the partial pressures and, therefore, of the relative amounts of 
water vapor and carbon dioxide. Assuming that the volume of the CO2 
formed upon combustion equals that of the methane, the content of the 
latter in terms of volume or weight of the sample can be calculated. The 
hydrogen content follows®^ (in approximation) from the excess of water 
over that to he expected in accordance with eq. (12-6). After condenser 
C2 , manometer M, and combustion tube T have been evacuated, they may 
be used in the described manner for the determination of the heavy fraction 
retained in Ci , which may be passed over into T upon warming of Ci ; 
its combustion products may be condensed as before in ft . In practice, 
it may be necessary to deviate from this simple procedure to increase the 
efEcieiicy of combustion in this fraction and to narrow down the number 
of liydrocarbons in one fraction by additional condensers and smaller steps 
in the distillation temperatures. With increasing molecular weight of the 


Horvitz, op. cit,, p. 212. 
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constituents, the difficulties of isolation increase because of isomerism. 
Even for a mixture of normal homologues of one series, the calculation of 
the constituents from the carbon dioxide and water formed in the com- 
bustion is difficult if their number is greater than two.®^ 

The second group of soil-analysis methods (see Table 82) is concerned 
■with the determination of extractable liquids and organic and inorganic 
solids. Since these occur in proportionately larger quantities than the 
gaseous hydrocarbons, this determination is much easier and requires less 
complicated apparatus. The so-called “liquid hydrocarbons” and “soil 
waxes” are not members of the paraffin series, as has been stated in some 
articles, but are probably more or less complex fatty acids. They may be 
extracted by a variety of solvents, such as carbon tetrachloride, chloro- 
form, ether, benzene, and so forth. Since these liquid organics and soil 
waxes are found in their greatest concentration at the immediate surface, 
the samples are taken (at undisturbed locations) -with the grass roots and 
are air dried. Definite quantities are weighed out and placed in an ex- 
traction apparatus. The Soxhlet type or a modified form of the Bailey- 
Walker apparatus, or some other form of extractor, preferably permitting 
continuous operation, is suitable. 

The liquid containing the 'waxes, and the like, is then placed in a dis- 
tillation apparatus; the solvent is distilled off through a condenser; and 
the residue, in liquid or semisolid form, is determined by weighing. The 
range encountered in soil analysis (from 0.01 to 1 per cent by weight) is 
quite within the reach of ordinary accurate analytical procedure and there- 
fore requires no special apparatus. An extraction method used in con- 
junction with semiquantitative colorimetric analysis is briefly mentioned 
by Eosaire.^ While the soil wax samples are taken at the immediate 
surface (depth ^ inch), the specimens for colorimetric analysis are collected 
at the depth of supposedly greatest bacterial action (about 6 irrches). 
Naturally, any topsoil samples must be taken at locations undisturbed 
by wind or water erosion, agriculture, and so on. 

Inorganic constituents, likewise determined by extraction, include 
halides, sulfates, and carbonates; more rarely there are bromides, iodides, 
bicarbonates, and the like. Inasmuch as some of these constituents may 
also be determined hy their physical (for example, electrical resistivity) 
expression, it is seen that a close relation must exist between results ob- 
tainable by certain soil analysis and geophysical (resistivity, Eltran, and 
similar) methods. 


53 1. M. Dennis, Gas Analysis, Chapter XII (Macmillan, 1020). 
Op. cit., p. 10. 
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E. Ikterpretationt and Results of Gas and Soil Analysis 

Gas and soil analysis in its present form is of comparatiYely recent 
development. There is still some dispute over its merits. Divergent 
opinions have been expressed regarding the type of organic compounds to 
be considered significant and the relation of their surface distribution to 
subsurface accumulations of oil and gas. More information is needed, 
particularly about the variation of organic and inorganic constituents with 
depth in wells, and on known fields. In any event, whatever interpreta- 
tion procedure is developed will not be the equivalent in physical and 
mathematical rigorousness to procedures currently employed in other geo- 
physical methods. The fundamental problem is, in principle, no different 
from that which faced the surface geologist a number of years ago, namely, 
that of locating subsurface oil and gas accumulations from, the surface 
distribution of seeps. Factors which have made possible an advance in 
his interpretation methods are: (1) the greater areal completeness of 
sampling points and greater independence of random indications; (2) a 
segregation of the surface materials by physico-chemical analysis, in regard 
to geologic significance; (3) information on their variation with depth, by 
the analysis of well samples; and (4) data on geologic structure, by simulta- 
neous application of other geophysical methods to a given problem. 

Any attempt to deduce from the surface or near-surface accumulations 
of organic products the existence, location, or depth of a subsurface oil 
deposit must, of necessity, involve some definite assumption regarding the 
mechanism of their migration. Various ideas have been advanced on the 
basis of observed horizontal and vertical distribution and theoretical 
possibilities. 

What little data have been released on the variation in organic and inor- 
ganic constituents at the surface and in wells suggests a picture indicated 
schematically in Fig. 12-14. Above an oil deposit, the heavier gaseous 
hydrocarbons of the paraffin series show the most significant indications; 
they appear to be the most reliable indicator of subsurface oil deposits, 
since they are not known to be associated with near-surface decomposition 
of organic materials. The heavy hydrocarbon content (ethane, propane, 
and the like) of rocks overlying an oil deposit decreases toward the sur- 
face, although that decrease is far less regular than the scheme suggests 
and varies with the permeability and related characteristics of the indi- 
vidual formations. Methane appears to he more irregular in its vertical 
distribution, since decomposition processes within formations tend to be 
superimposed on the regular decrease away from the deposit. This is 
particularly true near the surface where anaerobic decomposition resulting 
from fermentation of vegetable matter (as in marshes, peat, lignite) may 
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produce large quantities of methane withoat relation to the underlying oil 
deposit (last curve in Fig. 12-14). 

The role played by hydrogen is still somewhat obscure. It appears to 
reach its maximum somewhere above and at the sides of an oil deposit 
in some areas its surface distribution is conformable with that of methane 
and the heavier gaseous paraffin hydrocarbons.®® In wells it may go some- 
what parallel with methane. The greatest concentrations of the heavy 
gaseous hydrocarbons and of methane may or may not coincide at the 



Pig. 12-14. Scheme showing vaiiation of several organic and inorganic constituents 
in the subsurface section and near the surface above an oil deposit. 


surface and may occur directly above an oil depo.sit. More often, however, 
the heavier hydrocarbons and sometimes the methane have a maximum 
ill the form of a halo surrounding the deposit. Possibilities of origin of 
such halos will be discussed below. 

The same appears to he true for some of the significant inorganic min- 
erals, such as chlorides and sulfates, and for the four secondary products 
of near-snrfacc agents indicated on the right side of Tig. 12-14, nameh , 
the so-called liquid and solid pseudohydrocarbons and oxidized and poly- 


65 Personal coiriniuni cation from E. E. Rosaire. 
Horvitz, loc. oiL 
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merized paraffin hydrocarbons Most of these are assumed to be reaction 
products of organic materials and inorganic agents. In the case of the 
liquid and visco-solid pseudohydrocarbons, the organic materials are prob- 
ably furnished by surface vegetation. The solutions carrying the sub- 
stances (chlorides?) with which they enter into (catalytic?) reactions are 
assumed to come from below. Since the significant inorganics have their 
greatest concentration usually in halo fashion, the pseudohydrocarbon 
reaction products are likewise arranged in the form of halos.^^ 

The depth at which the maximum amounts of these reaction products 
occur varies greatly. The maximum of the ‘Tiquid^’ hydrocarbons may be 
found several inches to several feet deep. One kind of “wax/' assumed 
to be caused largely by bacterial action, occurs in greatest concentration 
about six inches from the surface,^® whereas another, resulting from oxida- 
tion and actinic effects, has its maximum at the immediate surface. The 
chemical nature of these pseudohydrocarhons has not been definitely deter- 
mined; they are assumed to be fatty acids. In the second case conditions 
are reversed. The organic materials are assumed to come from below 
and are changed near the surface not so much by catalytic reactions as by 
oxidation and polymerization. The product so formed is a heavy paraffin 
hydrocarbon^^ and occurs in much smaller quantities than do the pseudo- 
hydrocarhons. 

This very generalized scheme of the distribution of hydrocarbons and 
pseudohydrocarbons is subject to revision as more field data are accumu- 
lated and the chemical nature of the substances mapped becomes better 
known. It is but partially in accord with what should he expected 
theoretically from the laws controlling the migration of gases and liquids 
through homogeneous media. According to Pirson/° there are three ways 
in which gases emanating from a subsurface source may reach the surface: 
(1) by permeation, (2) by effusion, and (3) by diffusion. 

Permeation takes place by virtue of the porosity, or better, the per- 
meability of rocks; it is governed by d'Arcy's law which stat(?s that the 
velocity of gas flow is proportional to the pressure gradient, multiplied by 
the ratio of permeability times density, divided by the viscosity of the 
gas. Limes, slates, and moist strata have littc permeability; therefore, 
migration by permeation is hardly to be expected across the bedding 
planes of stratified formations (except sands and sandstones) and is con- 
fined to loose overburden, faults, and fissures. Assuming, therefore, that 
a fracture zone of high permeability crosses a series of impermeable forma- 

Rosaire, oj). cit. p. 8, 

58 Ibid, 

5^ ‘'Pseudohexane," Horvitz, Icc. cit. 

5° Oil Weekly, Oct. 10, 1938. 
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tions covered by overburden of unifomi permeability, the depth of the 
subouterop of the fault can be determined from the variation of the gas 
concentration along the surface. Formulas for the effect of a linear source 
of infinite strike extent have been derived by Antonov, Sokolov, and 
Pirson.®^ Those of the first author were derived under the assumption of 
diffusion through the overburden, are equally valid for migration by per- 
meation, and are identical in form with those given by Koenigsberger for 
the effect of a source of radium emanation (eq. [12-3]). Very simple in 
application is a modification of Sokolov’s formulas for the gas concentra- 
tion O' at a station with the distance x from a point directly above the 
center of a linear source of finite width and depth, h: 

C=^-<P, (12-7) 

wliere c is a constant involving permeability, pressure at the source, and 
viscosity of the gas, and <p the angle under which the edges of the source 
appear from the station. 

E fusion of gas takes place through very small capillaries whose diameter 
is less than the mean free path of the molecules ; the rate of flow is propor- 
tional to the pressure differential and inversely proportional to the square 
root of the molecular weight of the gas involved. This phenomenon would 
account for the greater ease with which the lighter paraffin hydrocarhons 
(hydrogen and methane) are carried to the surface. 

However, the greater portion of the available gases may be expected 
to travel across the bedding planes of seemingly impervious rocks by 
diffusion, that is, by penetration of gas molecules through the intermolec- 
ular space of solid substances- Diffusion of light gases (for example, 
helium) through metals is well known in vacuum technique; hence, a 
phenomenon observable over a short period of time must be expected to 
assume correspondingly larger proportions in the course of millions of 
years that elapsed since the oil deposits were laid down. The diffusion 
laws are similar in form to those controlling permeation, and they indicate 
that the velocity of flow is dependent on the diffused medium, the size of 
the diffusing molecules, and the pressure gradient. Gases diffuse readily 
through liquids; therefore, diffusion of gases through moist formations 
should take place with comparative ease. Since the lighter gases diffuse 
more readily, it is understandable why hydrogen (expected to be associated 
with gaseous hydrocarbons) occurs in comparatively small quantities, 
probably having made its escape much ahead of methane. 

In addition to migration of gases by permeation, effusion, and diffusion, 


References in idem. 
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it is likely that some of them have been carried in solution by circulat- 
iug waters along fissures, and the like, or up the dip in formations. 
Modifications may occur along the path because of adsorption on colloidal 
matter; they do occur near the surface in the aerated zone because of oxida- 
tion, polymerization, and actinic action. Besides, changes must be ex- 
pected from one formation to another when there is a difference in diffusion 
constants. 

If the process of diffusion of gases through formations v)ithout lateral 
variations were alone responsible for the distribution of hydrocarbons and 
related organics at the surface, their maximum concentration should in 
all cases occur directly above the source, since the migration may be as- 
sumed to take place from it in essentially a vertical direction. As a matter 
of fact, this has been found to be true in many cases, particularly above 
faults and fracture zones. It has also been claimed, particularly by the 
Russian investigators, that majdmum concentrations of methane should 
be formed above gas fields, and those of the heavy hydrocarbons above 
oil fields. Farther, it has been stated that in a given field where both oil 
and gas are found, the maximum methane concentration should occur over 
the highest point of a dome or monoclinal trap where the gas occurs, and 
the heavy hydrocarbons should occur above the oil accumulations at the 
flanks. The Russians’ own data do not bear out this conclusion in all 
cases. 

To begin with, natural gas is not pure methane but is frequently asso- 
ciated with ethane and other heavy hydrocarbons (Table 85). Con- 
versely, methane is often absorbed in and liberated by oil deposits. Hence, 
a clean-cut separation of oil and gas occurring in the same structural or 
stratigraphic trap appears hardly possible by surface measurements. 
Furthermore, the process of diffusion is not so simple as theoretically 
indicated, and the surface expression of subsurface hydrocarbon distribu- 
tion is modified considerably by lateral variations in the permeability and 
diffusion characteristics of the overlying formations. For this reason, 
the simple explanation given by Pirson,®^ that heavy hydrocarbon halos 
are due to the marginal arrangement of oil below the gas on the flanks of 
an anticlinal or domal trap does not appear tenable, besides being in dis- 
cord with the observation that in many cases production is found under 
the lare spot in the center of a halo and not under the halo itself. 

It is evident, therefore, that other causes besides uniform diffusion must 
be responsible for the halo formation or must at least interfere with the 
process of normal diffusion. The solution of the problem is rendered 
difficult because the published data frequently lack information about 


62 Ibid. 
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geologic structure and nature of hydrocarbons mapped; besides, there is 
confusion in some of the recent articles ia regard to geologic significance 
of the earlier data on the subject. The claim is certainly unjustified that 
in regard to halos, different results are obtained by the free-gas analysis 
(using the Soholov or Laubmeyer techniques) and the soil analysis (map- 
ping adsorbed and entrained constituents). 

Laubmeyer definitely states in his publication that a sharp drop above 
production was observed in the Oberg field and attempts to explain the 
phenomenon by the withdrawal of gas from the productive formations by 
the wells in the center of the field. A survey of the Nienhagen field® re- 
vealed a maximum gas concentration above the western part of the field, 
while the eastern portion shows nearly normal concentration. On the 
north side of the Wietze dome'® the gas maximum is forced northward or 
away from the productive zone, and the same trend is indicated by the 
gas measurements on the Pierce Junction dome (see Fig. 12-1 la). It may 
be argued that in the vicinity of salt domes, the indications are related to 
fracture zones; however, this still leaves it unexplained why the indications 
should he forced consistently outward and away from them. On the other 
hand, this argument shows the necessity for considering closely the geologic 
structure associated with a halo. It is evident that a halo around a salt 
dome is not directly comparable with a halo around production above a 
stratigraphic trap because in the former we deal with steeply dipping beds 
around an impervious core (unless production occurs above the dome) 
while in the latter any evidence of folding or faulting is absent. Mac- 
roscopic halos have been reported for several G-ulf coast fields,®' such as 
Goose Creek, Humble, and Sour Lake. 

The true halos, then, may be assumed to occur in regions of gentle 
folding and above stratigraphic traps. They have been variously ex- 
plained, the prevalent assumption being that some sort of clogging occurs 
near the center of the productive structure. McDermott®® believes that 
becau.se of the tendency of oil and gas to migrate to the highest point of a 
fold, monocline, or lenticular deposit, these become clogged first, the seal- 
ing action working its way down the dip. This clogging is not noticeable 
at the surface if subsequent folding has developed cracks in the caprock 
and thus provided an avenue of escape for the gases near the top. The 
surface effect is thus similar to that of a buried fault (linear source). 
Hosaire,®' on the other hand, assumes that such clogging occurs fairly near 


G. Laubmeyer, unpublished reports. 

Losaire, Geophysics, 111(2), 107 (March, 1938). 
Geophysics, IV(3), 1-15 (July, 1939). 

Handbook of Geochemical Prospecting, op. cit.^ p. 22. 
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the surface because of the action of ascending mineralized^^ solutions along 
minute fissures and cracks developed in the overlying formation by dif- 
ferential settling over a fold or lenticular deposit. He points out that 
surface formations above oil deposits are frequently indurated, due to 
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Fia, 12-15. Ethane and surface-wax halos in Eureka field (after Hosaire) 


silification and calcification, and that this has been verified by low drilling 
rates (^'dome digging’’), high seismic refraction speeds, erroneous dips in 
reflection shooting, and high resistivities mapped in Eltran surveys.®^ 

McDermott (A.A.P.G. Bull., 24 [ 6 ], 859-88L [May, 1940]) assumes that the 
mineral waters are carried upward by the gases escaping from oil deposits below. 

68 P. 817. 
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Since this induration works progressively outward from a point above the 
field, the mineralized solutions are diverted toward the edge of the field. 
This is in harmony with the halo arrangement of both characteristic min- 
erals (see Fig. 12-15) and pseudohydrocarhons, presumably formed by 
the reaction between these solutions (chlorides?) and organic materials, 
and with processes occurring near the surface. Methane, hydrogen, 
ethane, and the heavier paraffin hydrocarbons are diverted in the same 
manner by the near-surface “plug” into halo arrangement. 

The observations and interpretation of soil and gas analysis surveys may, 
therefore, be summarized thus: The maximum concentrations of (significant) 
hydrocarbons occur above the suboutcroy of fissures or high fdnts of subsurface 
oil and gas traps except where clogging of the reservoir or near-surface forma- 
tions has diverted them. This diversion is generally outward from the high- 
point, that is, in down-dip direction. Virtually all results published to 
date can be explained in this manner. Laubmeyer was first to measure 
gas concentrations (mostly methane) on the proved German fields of 
Oberg, Nienhagen, and Wietze, whose maxima, as pointed out before, 
were shifted outward, away from the centers of known production. Laub- 
meyer also found maxima (in both hydrocarbon and radioactivity curves) 
above the suboutcrop of faults. Graf likewise obtained a maximum near 
the suboutcrop of a fault in the Oberg field with a down-dip shift, and 
maxima with outward shift surrounding the Pierce Junction dome in 
Texas. Pirson observed maxima in ethane above fault outcrops in the 
Woodhull gas field in New York. Sokolov observed that the maxima in 
methane and heavy hydrocarbons were, in some cases, shifted away from 
the axis of the anticline of the Malgobek field in Russia. Although 
Antonov’s results appear to indicate a definite tendency to halo arrange- 
ment, the latter considers the maxima as being directly related to the 
suboutcrops of the gas formations and faults in this area. He claims to 
have obtained fairly good agreement between drilling data and calcula- 
tion, but details on the actual geologic situatiou are too meager in his 
article to decide his evidence for or against the halo theory. 

In the Ishimbaev field, however, the area of greatest concentration defi- 
nitely surrounds the productive area in halo fashion, as pointed out by 
Sokolov.®® The same , is true for the Turkiana and the Kala fields.'® 
McDermott reports that in the Big Lake field (Reagan County, Texas) 
not only the significant heavy hydrocarbons, but also the pseudohydro- 
earbons and significant minerals show a maximum directh’’ above the 
field, which is explained by the existence of a fissure zone in the axis of 

69 JjQQ cit. 

Located on the Apsheroa Peninsula (east of Baku), the scene of exteasiYe 
electrical and gravity work. 
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the fold fdeYeloped by 
subsequent folding. In 
all other cases reported 
by McDermott (La 
Rosa fields Refugio 
County, Texas; Cedar 
Lake field, Gaines 
County, Texas; Monu- 
ment field near Hobbs, 

New Mexico; Riverside 
area, Nueces County, 

Texas; Atlanta area, 

Columbia County, Ar- 
kansas; Coles-Levee, Ca- 
nal, and Ten Section 
fields in Kern County, 

California; and the East 
Texas field, Fig. 12-16), 
the halo (iii significant 
gases, pseudohydrocar- 
bons, and minerals) is 
associated with a pro- 
ducing area. Only halos 
are described by Rosaire 
for the Ramsey (Payne 
County, Oklahoma), 

GriflSn (Gibson County, 

Indiana), Hastings (Bra- 
zoria County, Texas), Pig. 12-16. Variation of ethane, surface wax, liquid 
Lopez (south Texas) and pseudohydrocarbons, and mineralization near edge 
Eureka (Harris County, McDermott). 

Texas) fields (see Fig. 12-15). 

III. VIBRATION RECORDING, DYNAMIC TESTING, AND 
STRAIN GAUGING 

The following section is concerned with various geophysical methods 
which find application in structural, transportation, and mining engineer- 
ing. Collectively, they constitute the major portion of the field of engi- 
neering seismology which lias as its main objective the reduction (if not 
elimination) of the damage done to structures by earthquakes and indus- 
trial vibrations. Most fruitful in this field has been the recognition that 
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damage should fee considered not in the light of static, but of dynamic, 
phenomena. Specifically, the damage depends on the frequency response 
of a structure and therefore on its interaction with the ground, whose re- 
sponse to earthcLnakes and industrial vibrations, in turn, is likewise a func- 
tion of its frequency characteristics. Damage is therefore primarily a 
local phenomenon, depending individually on the design of the structure 
and the surface geologic conditions. It is the function of vibration- 
recording and dynamic-testing methods to determine the frequency re- 
sponse of both structure and ground and to devise means by which reso- 
nance between the two can be avoided. 

In both cases, the significant characteristics of ground and structure are 
natural frequency and damping. They may be determined by observa- 
tions of (1) free vibrations, and (2) forced vibrations. In the first case, 
the ground or building is subjected to a static deflection and is released. 
From the free vibration that follows, natural frequency and damping may 
be calculated. Deflections leading to free vibrations may be due to 
natural causes, such as wind, or they may be produced at will by blasts, 
mechanical shocks, and so on. To obtain the vibration characteristics of 
buildings before construction, it is convenient to use models. Methods of 
measuring free vibrations are briefly referred to here as vilmtiori recording. 

In dynamic imestigationSj the building or ground under test is set into 
forced oscillation by vibrators (also called oscillators or agitators) whose 
frequency is varied during the experiment. Thus the frequency (or 
dynamic) response of the structure is obtained, from which natural fre- 
quency and damping may be calculated. For proposed structures, similar 
tests are made on models before construction. Dynamic ground tests 
furnish the frequency response of the foundation and thus, indirectly, its 
bearing capacity and vibration absorption characteristics. Since the 
speeds of the sustained waves produced by a vibrator may be determined 
from measurements in various distances, it is possible to arrive at depths 
of formation members and their elastic moduli. For complex geologic- 
sections whose geometric dimensions and elastic characteristics have 
been determined previously by other geophysical methods, it may be con- 
venient to supplement the in situ work by model experiments, particularly 
if the natural setup is likely to be disturbed by later excavations. 

Strain gauging, discussed at the end of this section, is concerned with 
the measurement of displacements in structures and rocks under the in- 
fluence of natural or artificial loads, static or transient. Structural tests 
are made on l)ridgcs, road beds, dams, and the like, after completion, or 
on models. Strains in rocks are measured in connection with under- 
ground operations in transportation, liydraulie, and mining engineering. 
Closely related to this application is the observation of rock bursts and 
fault activity. 
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A. Vibration Recording (Erbe Vibrations) 

1. Vibrations of buildings and other structures. Eree vibrations occur in 
buildings and other structures (bridges, water tanks, dams) as a result of 
■wind gusts, earthquakes, traffic vibrations, blasting, and other industrial 
activity. Observations of free vibrations usually have to depend on the 
random occurrence of such agencies; only when the structures are small 
(water tanks, bridge models) may the initial deflections be produced by 
pullbacks with predetermined load. Vibrations are recorded with vibro- 
graphs or seismographs of moderate magnification, equipped with mechani- 
cal or optical recorders. It is advantageous to make measurements on 
various portions of a structure in both horizontal and vertical directions, 
so that various vibration modes in the planes of symmetry and the varia- 
tion of amplitude with height may be obtained. When a multiplicity of 
records has to be secured simultaneously, electrical seismographs with 
central recording are preferred to mechanical instruments. In this work, 
moderate magnifications ranging from 200 to 1500 are sufficient; natural 
instrument periods vary from 1 to 3 seconds; damping should be nearly 
critical. Observations are arranged to yield natural frequencies and 
damping (in at least two directions) and variation of vibration amplitude 
with height. 

For buildings whose ratio of height to width is great, flexural vibrations 
are ihost important. In the opposite case, where the width is much greater 
than the height, flexure is unimportant and shear predominates. When 
the ratio of height to width is between 3 and 4, both kinds of vibrations 
will be encountered. Torsional vibrations may also occur. In addition 
to the fundamental, several harmonics are generally observed. If shear 
predominates,’^^ the ratios of the translational and torsional fundamental 
periods to higher mode periods should be near 3, 5, and 7 (for a building 
on rigid foundation). When flexure predominates, the translational period 
ratios should be near 6.2, 17.5, 34.6, and so on. Observations on com- 
pleted buildings are of value in establishing a reference file for future use, 
particularly when such measurements have been made on buildings that 
have been through an earthquake. In this manner, the damage done may 
he correlated with the frequency response of both building and ground. 

Before construction is commenced, the natural frequency of a building 
may be calculated if it has a simple geometric form. It is more satisfac- 
tory, however, to determine the natural frequency on a model by a pull- 
back test (free vibration) or from the response on a shaking table (forced 
vibration). 

2. Free ground vibrations. Free ground vibrations are produced by 
F. S. Coast & Geod. Surv., Spec. Pub. No. 201, 51 (1036). 
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blasts, traffic, various industrial activities, earthquakes, wind, surf, and 
the like. They are largely responsible for the phenomenon known as 
seismic unrest. Since there are, at almost every locality, well-defined 
geologic formations that are capable of oscillation and impress their fre- 
quency characteristics on microseismic and earthquake records,^^ the 
action of the ground and its constituent parts may be considered like that 
of a seismograph and may be characterized by a smgle or by several 
natural frequencies and damping ratios. Harmonics of such frequencies, 
•where recorded, are in the ratio of 1 : 3 :5.” The frequency characteristics 
of the ground determine its response to external impulses, this reaction 
bebg defined in seismology by the so-called “station factor." The pres- 
ence of formation members capable of free oscillation accounts for the 
observation of identical predominant frequencies in the mieioseismic 
unrest in earthquake and in explosion records, and these usually agree with 
the resonance frequencies excited by vibrators. Statistical analyses of 
earthquake records have been made hy various investigators to determine 
predominant ground frequencies. Examples are the investigations carried 
out recently hy B. Gutenberg'^ as part of a IJ. S. Coast and Geodetic 
Survey earthquake research program in California. 

As stated before, the damage done hy earthquakes and artificial vibra- 
tions depends (1) on the dynamic response of a given building or structure 
to the ground vibrations, and (2), although to a lesser extent, on the 
reaction of the ground to incoming earthquake waves. The frequencies 
of distant quakes are usually so low as to he conopletely out of resonance 
■with the natural ground frequencies. Therefore, such quakes rarely do 
any damage besides, their amplitudes would probably be too small even 
if resonance did occur. Greater damage may be expected from near- 
quakes and industrial vibrations, since they have greater amplitudes and 
their frequency is likely closer to the predominant ground frequencies. 
In some instances it has been possible to correlate prevalent frequency 
with formation thickness, which is approximately equal to one-quarter of 
the transverse wave length. Hence, d w v/4/o where v is the velocity of 
the transverse waves and /o is the natural frequency of free-layer oscilla- 
tion. How earthquake damages to structures may he evaluated approxi- 
mately when natural frequencies and damping of ground and stmcture are 
kno'wn, ■will be discussed below. 

Related to the problem of recording free ground vibration is that of 


”11. Koehler, Nachr. Ges. Wiss. Goettingen, Math. Phys. Klasse 1, (2), 11-42 
(1934). 

” Koehler, Zeit. Geophys., 6(2), 123-126 (1930). 

”XI. S. Coast & Geod. Surv., Spec. Bull. No, 201, 163-224 (1936). 

” Koehler, Nachr. Ges. Wiss. Goettingen, loc. cit. 
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rock-Lurst iavestigatioii. Rock bursts are miniature earthquakes of the 
displacement type and result from the release of rock stresses. These 
stresses may be due to natural orogenic forces, that is, folding or faulting, 
or may be caused by the removal of rock material in underground mining 
operations. At times these rock bursts are of no small intensity; they have 
been recorded by seismic stations several hundred miles away. Continu- 
ous rock-burst records in areas subjected to faulting and mining may not 
only help in the interpretation of the records of distant earthquake stations, 
but may he expected to be helpful in predicting fault quakes, cave-ins, 
and roof failures. This subject is discussed further in the section on strain 
gauging (page 929). Statistical analyses of rock-burst records appear to 
indicate a triggering effect of variations in atmospheric pressure. There 
may also be a parallelism with sun spot cycles and bodily tides. There- 
fore, the possibility of predicting earthquakes, at least those of the dis- 
placement type, is probably not so remote as some seismologists appear 
to believe. 

Most of the measurements of free ground vibrations published to date 
have been made with regular seismic station equipment. For proposed 
building sites, dam foundations, and the like, it is necessary to employ 
recording mechanical or electrical vibrographs. The vibration produced 
by trafiic or industrial plants in the vicinity may be sufficient; otherwise, 
blasting will be required. However, it is much more satisfactory to use a 
vibrator and to record a complete' response curve. In the iirterpretation 
of the field data much help may be obtained from an investigation of models 
of the surface formation.’^ If the actual geologic conditions have been 
duplicated with sufficient accuracy on the model (for instance, by securing 
data on the thicknesses and elastic characteristics of surface formations 
from refraction surveys), and if the elastic properties of thc^ model inatoiial 
have been scaled down in keeping vith dimensional analysis, field data 
and nOjOdel results will be in good agreement. 

B. Dtoaimic Testing 

In various fields of material testing it has been recognized for some time 
that dynamic tests give better and more complete data on the proper*ties 
of materials than do static tests. The limitations of static methods arc 
obvious ill the testing of soils in situ: with a given load, the area covered 
is small; the lateral and vertical compression ranges are limited; and thc 3 
weight sizes that have to be used to obtain sufficient penetration toecome 
impracticable even for moderate depth rang(‘s. On the other liand, a 


Mainka, Forsch. &: Fortschr., 14 ( 28 ), 314-321 (1038). 

A. Heiland, A.I.M.E. Tech. Publ. No. 1054, Feb., 1939. 
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vibrator with revolving eccentric masses permits the forces to be stepped 
up coasiderablY. With sensitive detectors, vertical and horizontal ranges 
extend to several hundred feet and, in some cases, to several thousand feet. 
Furthermore, the measurement of travel-time and amplitude-distance 
relations gives an opportunity to test formations not exposed at the surface. 
Vibrations recorded near a variable frequency vibrator indicate a number 
of parameters not obtainable by other means, such as natural frequency, 
damping, energy consumption, ground compaction, and phase shift between 
impressed force and ground vibrations. 

Vibrators may be applied in testing not only the ground but structures 
as well. As a matter of fact, vibrators were constructed first for use in 
structural engineering and for the d5mamic investigation of bridges, trusses, 
framework, conveyors, skyscrapers, shaft houses, cranes, dams, and so 
on. Such tests were extended to include all kinds of conveyances such as 
ships, trucks, automobiles, locomotives, dirigibles, and airplanes. Inves- 
tigations of road beds and machine foundations, made in connection with 
structural tests^ led quite naturally to their application in soil testing/® 

For some of these applications an agitator made of a bicycle wheel with 
a weight attached to its rim is quite satisfactory. This wheel is brought 
up to speed and allowed to run down. For more accurate work, it is better 
to apply a vibrator whose frequency is held constant, yet is adjustable in 
definite intervals. The usual eonstructioix employs two eccentrically 
loaded wheels or drums that are geared together and revolve in opposition. 
If the two cylinders are mounted side by side, the vertical components of 
their centrifugal forces will add and the horizontal components will cancel. 
By turning the entire assembly 90 degrees (so that the two cylinders are 
now above each other) the vertical components cancel and the horizontal 
components remain. For the agitation of structures, the vibrator is ap- 
plied in the latter position, since vibration damage to structures results 
generally from horizontal forces. In soil testing, the vibrator is laid flat 
on the ground (so that vertical forces are produced) and is weighed down 
with ballast. In some vibrators, four disks are arranged with their axes 
in the four principal horizontal directions. The disks are then geared to 
produce torsional forces. 

The total eccentric masses of vibrators range from a few ounces to several 
pounds and the radius arm from a few inches to about one foot. Centrif- 
ugal forces may thus be varied between several hundred and several 
thousand pounds. Some vibrators are so constructed that a given centrif- 
ugal force may be produced by a small mass on a large radius arm, or by 
a larger mass on a smaller arm. The simplest arrangement is to provide a 


Koehler, Kaehr. Ges. Wiss. Goettingen, loc. cit. 
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aTimber of tubular openings on the circumference of the vibrator drums 
into which cylindrical masses of various sizes can be fitted. A soil test 
vibrator must be capable of producing vertical forces up to 40 to 50 cycles 
(2400 to 3000 r.p.in.). The larger commercial vibrators weigh from a few 
hundred to 100.0 pounds (without ballast) and are equipped with shunt- 
wound H-C. motors to perrQit accurate speed control. The smaller vibrat- 
ors are driven by gasoline engines or^ motors supplied from storage bat- 
teries; the more primitive models are merely brought up to speed manually 
and are allowed to run down. 

Undoubtedly^ the greatest flexibility is obtained by a U.C. motor sup- 
plied from a gasoltne-engine driven D.O. generator, in which case the 



Heiland Research Corp. 

Fig. 12-17. Vibrator and recording truck. 


speed may be accurately controlled by varying the fields of both the 
generator and the motor. The frequency is adjusted by a tachometer and 
evaluated accurately by timing the vibration records. Tor the measure- 
ment of the phase shift between force and displacement it is convenient 
to provide an electrical impulse transmitter on one of the revolving drums. 
This will record the vibrator phase, together with the oscillations picked 
up by one or more vibration detectors. A vibrator with recording truek 
in the hackgroiiiid is shown in Tig. 12-17. For certain applications it may 
1)0 convenient to insert a wattmeter in the vibrator-motor circuit for the 
ineasureinent of power consumption. As shown below, the power taken 
from the vibrator is at a maximum near the resonance point of the ground. 
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Por testing rnodds of buildings, bridges, dams, and the like, miniature 
vibrators or electromagnetic drivers are applied. If size permits, an en- 
tire model may be tested on a shaking table. 

Vibrations may be recorded \rith a variety of instruments. For testing 
larger structures and buildings, mechanical vibrographs are generally 
quite satisfactory. Their magnifications range from 200 in the simpler 
types to 1500 in the Wood- Anderson seismograph. For model experi- 
ments, miniature microphones of the electromagnetic or piezoelectric 
variety are required. 

In dynanniC soil testing, the sensitivity of the mechanical vibrograph is 
not sufficient, and more delicate seismographs must be used, equipped 
with mechanical, optical, or electrical magnification, ranging from 10,000 
to 50,000 times.” The ground vibrations may be recorded in three direc- 
tions, one being the vertical and the others the two horizontal directions 
through the station and at right angles to the base line. Although a 
vibrator may produce only vertical forces, the horizontal components are 
quite noticeable. Since, however, the maximum response in the horizontal 
components appears to occur at the same frequency as in the vertical com- 
ponent, vertical seismographs usually suffice. If a multiplicity of seis- 
mographs is on hand, it is better to use them at different distances rather 
than for different components. Vertical seismographs or detectors with 
electrical transducers are available in any event where seismic refraction 
work is combined with the dynamic tests. Lastly, it is easier to evaluate 
the results when vibrations from several stations are recorded on one film 
(see Fig. 12-19). In order to convert record amplitude to ground ampli- 
tude in terms of impressed force, the recording channels must be calibrated. 
With the larger vibrators, the regular phones used in seismic refraction or 
reflection equipment work satisfactorily without amplifiers. Where a 
large number of soil tests have to be made, it may be more convenient to 
record with (calibrated) amplifiers and to cut down the weight of the 
vibrator to make it more portable. 

When the variation of vibration amplitude with depth is measured, a 
hole is dug with a hand auger, and a vibration pickup is placed at its 
bottom at the desired depth or depths. In some cases, steel rods are 
driven into the bottom of the hole, to which the detectors are fastened. 

1. Dynamic building tests. To test buildings or structures for earth- 
quake or other vibration damage, a vibrator is set up on, or clamped to, 
the actual structure or to a model thereof (model structures require a very 
light vibratoi-, see above). Usually, the vibrator is so oriented that hori- 
zontal forces are produced. The frequency of the vibrator is then varied 

R. Koehler and A. Ramspeck, Zeit. Tech. Phys., 14(11), 512-514 (1933). 
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and the response of the structure (or model) is recorded at one or several 
points. The records give the variation of amplitude with frequency aud 
(when several detectors are used) the variation of amplitude with vertical 
elevation and horizontal direction. Buildings and other structures may 
have difierent frequencies in. different directions. Different harmonics 
may appear for different modes of vibration (see page 912). In dynamic 
investigations, harmonics are more readily segregated than in free vibra- 
tion records and may not even appear when outside the range of the 
vibrator. Evaluation of the vibration records yields resonance frequency, 
natural frequency, damping, and magnification for any point. These 
quantities are usually combined by plotting the response curve, that is, a 
curve giving relative amplitude (and magnification) as a function of fre- 
quency. Earthquake or vibration damage for a given structureis depend- 
ent on its response function^° and therefore on its degree of tuning in respect 
to prevalent ground frequencies. Hence, the damage is larger if the ratio 
of building to ground frequency is near 1 and if damping is small. Since, 
in turn, the response of the ground to earthquake waves increases with 
the ability of layers to oscillate, earthquake damage is controlled largely 
by local geologic factors. This is well illustrated by the example of two 
Japanese earthquakes^^ which, though originating about 1100 km apart, 
caused maximum damage in virtually the same area. 

The vertical component of earthquake or other vibrations is believed to 
be comparatively ineffective; most structures are damaged primarily by 
horizontal motion. Tor the duration of a vibration, a structure is sub- 
jected to a strain whose magnitude depends on the vibration amplitude at 
the particular point, and damage results when the ultimate stress of the 
building material is exceeded. This has been verified by dynamic building 
tests in areas where earthquakes of known intensity had occurred and 
where, therefore, the building amplitude (which follows from the response 
function of the building for an earthquake of given strength) could be 
correlated with the observed damage. Calculations^^ showed that the 
ultimate stress of the material actually had been exceeded where destruc- 
tion occurred. The importance of resonance between building and ground 
may be seen from the fact that for a brick house the critical ground ampli- 
tude (just causing damage) is 53 microns at resonance and as much as 75 
centimeters off resonance. 

The seismic resistance of a structure may be calculated for sinusoidal 
ground motion and for simple modes of vibration, provided the response 

soRamspeck, Zeit. Geophys., 9 ( 1 / 2 ), 44-69 (1933). 

SIR. Martin, Zcit. Geophys., 12 ( 7 / 8 ), 335 (1936). 

®2Rainspeck, loc. cit. 
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function of the structure has been determined.®* Seismic resistance ma 7 
be defined as the ratio of ultimate stress U to the stress X correspondmg 
to an amplitude n at a given point. For example, in a low structure where 
shear predominates over flexure, the stress is approximately X = yxs/E, 
where v is rigidity and Zb is the amplitude at the elevation H. The build- 
ing amplitude a: is a function of the static magnification V, the ground 
amplitude a, and the frequency factor f. In other words, t is dependent 
on the magnification function of the building. Therefore, the seismic 
resistance R = 17/X, where U = v(a;a-)u/H, with as the critical build- 
ing amplitude at the elevation H. Since X = yxsJH and Xs = Yc/a(fa), 

where Ud) = , /t- z — - ^,2 , ^ a- f ^ damped frequency factor, the seis- 
V (600 — w ) + Ae 03 

mic resistance becomes 

^ UH , 

Determinatioa of static magnifications appears to haye been made 
hitierto only on low buildings. On such structures the static magnifica- 
tions ranged from 0.8 to 2 and the dynamic magnifications (at resonance) 
from 2 to 20, the high figures indicating that the buildings were poorly 
damped. 

Dynamic vibration tests are of practical value in industrial plants where 
large machines are used in connection with a light framework. Structures 
of this kind may eventually be shaken to pieces when the machine vibra- 
tions resonate with the building and particularly when machine, struc- 
ture, and ground are in resonance- It is sometimes possible to avert 
damage by a slight change in the speed of the machine. Koehler^ de- 
scribes investigations of a coal dressing plant whose vibration amplitude 
could be reduced 77 per cent by increasing the speed of a screening machine 
by only 1 1 per cent. 

2. Dynamic ground tests. In a dynamic ground test the site under 
investigation is set into forced oscillation by a vibrator and the vibrations 
are recorded either at the source or at one or several points some distance 
away. The shakers are fairly heavy, cover a surface of about 10 square 
feet, and are arranged for reinforcement of the vertical and cancellation of 
the horizontal components of the centrifugal force. Vibrations are re- 
corded by the usual electromagnetic vertical component seismographs em- 
ployed in seismic exploration. Other possibilities, in respect to vibrators 
and detectors, are discussed on pp. 915-917 . Higher frequency agitators 


Heiland, loc. cit. 

Zeit. GeopKys., 12(4), 148-165 (1936). 
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do not belong in the category of ground tests and are discussed in connec- 
tion with geoacoustic methods on page 958. 

The reaction of the ground to the vibrator may be described by a simple 
expression if it is assumed that the vibrator is force-coupled to a semi- 
infinite medium (with a definite stiffness and velocity damping) whose 
displacement a: is controlled only by Hookers law,®® Let mo be the mass of 
the vibrator, plus whatever portion of ground partakes in the motion, 
<00 = ^/co/ttiq the natural frequency of the ground, co the impressed fre- 
quency, Co a stiffness coefficient of the ground and eo a damping coefficient, 
and X ^ X sm {o)t — cp) the ground displacement having a maximum 
amplitude X and a phase shift (p in reference to the agitator. Then the 
centrifugal force referred to unit mass is 

, (12-9) 


where ml is the eccentric mass with a radius r on the vibrator of the mass 
mo . The equation of motion of the ground is therefore given by 

X + 26oX + (alx = F sin coL (12-10) 

This leads to a maximum ground amplitude of 


X - 


(coo 




(12-lla) 


whose phase shift in reference to the application of the maximum force 
is given by 


2€0 CO 

tan p = "2 2 • 

€ 0 — 6 ) 


(12-115) 


The power transferred to the ground is then 


moFXoo . 

P = — 2 — 

so that, by substitution of eq. (12-9) in (12-lla) and (12-115), 

m'rco^ 


X = 


mo\/ (coo — + 4eoci 


(12-llc) 


(12-llrf) 


and 


P - 


m'r 


Xco^ sin p. 


(12-lle) 


S5A. Hertwig, G. Friili, and H. Lorenz, VerofT. Dent. Ges. Boden-Mechanik 
Heft 1, 44: pp. (Berlin, 1933). 
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' Measurements of the ^response characteristics of the ground may be 
made (1) at the vibrator itself (for which purpose a vibration detector may 
be set up on the vibrator), and (2) at one or more outside points. The 
observations under (1) are intended to give several quantities, all as func- 
tions of frequency: (a) amplitude, (b) phase shift, (c) power, and {d) 
compaction. Lastly, the variation of natural frequency and damping of 
the ground with a change in mass (ballast) may be measured. Observa- 
tions at points removed from the vibrator determine the following quanti- 
ties : (a) anaplitude as a function of frequency, (6) amplitude as a function 
of distance (and, therefore, the existence of redections and refractions), (c) 
phase or travel time as a function of distance, and, finally, (d) phase speed 
as a function of frequency (dispersion). 

The variation of amplitude with frequency is measured with a detector 
mounted on the vibrator, or with one or several detectors some distance 
away. The frequency response may be taken from a continuous record 
by getting the shaker up to top speed and allowing it to nm down, or by 
adjusting its frequency in steps of two cycles and taking individual records 
for each frequency interval. The record amplitude is converted to true 
ground amplitude by means of the calibration curve of the recording in- 
strument or recording channel and is further reduced to constant impressed 
force by correcting for the variation of the centrifugal force with frequency. 
By plotting the reduced amplitude against frequency, a peaked curve 
(see Fig. 12-20) is obtained. The location of the peak indicates the 
resonance frequency; the steepness of the slope away from the resonance 
peak varies inversely with the damping. The damping factor e or the 
relative damping 97, which is equal to the ratio e/coo , may be calculated 
from the frequencies ahead of and past the resonance point at which the 
amplitude has dropped to one-half of the resonance amplitude. The 
natural undamped frequency is then computed from the resonance fre- 
quency and the damping (see Chapter 9, section iv). 

Natural frequency and damping are important characteristics of the 
surface soil and are closely related to its bearing capacity and compaction. 
Soils having a natural frequency of from 25 to 32 cycles may be loaded 
with 2.5 to 5 kilograms per square centimeter.®^ From the natural ground 
frequency and the mass of the vibrator (plus a certain amount of ground, 
see below) the oc^uivalent spring constant of the ground can be calculated. 
Upon repetition of vibrator experiments, it will be found that both reso- 
nance frequency and damping are slightly greater the second time, owing to 
compaction resulting from the ground vibration. The resonance fre- 
quency also increases somewhat with the surface of the vibrator, coi re- 
sponding to a larger spring area, that is, to a stiffer spring. The damping 


Ibid. 
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factor is proportional to what is known in soil mechanics as the “friction 
angleJ^ Soils with large damping (or friction) factors are desirable as 
foundation materials since they lessen not only the amplitude and the cor- 
responding stress in case of resonance with extraneous Yibrations, but also 
the range of vibratory impulses (due to increased absorption). 

A second quantity which may he determined from vibrator measure- 
ments at the source is the 'pham Mft 
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Fia. 12-18, V" ariation of amplitude. 


phase shift, poTver, and compaction 
with frequency for a resonant surface 
formation (after Spath). 


between impressed force and displace- 
ment. At low frequencies this phase 
shift is nearly zero, increases at reso- 
nance to 90°, and gradually ap- 
proaches 180° at the higher frequencies 
(see Fig. 12-18). It is possible to 
calculate damping from the phase-fre- 
quency curve (see Fig. 9-99). 

The variation of power with fre- 
quency may be measured with a watt- 
meter in the circuit of the vibrator 
motor. The power rises rapidly with 
frequency (see Fig. 12-*! 8) and shows 
a peak at resonance, since at maximum 
amplitude the ground draws the great- 
est power. The measured value 
should be corrected for the no-load 
variation of power with frequency 
which can be determined by running 
the vibrator with balanced masses.^^ 

The compaction, or setting, of the 
ground is obtainable from readings of 
a strain gauge inserted between a tri- 
pod and - the vibrator underneath.^® 
The variation of compaction with fre- 
quency runs parallel with the phase 
curve (see Fig. 12-18), the gradient 
being a maximum at resonance. 


Natural ground frequency and damp- 


ing show a slight decrease with an increase in the mass of the vibr*ator. 


The mass partaking in the oscillation includes a portion of the surface soil 


and is slightly greater than the vibrator mass. This eqTiivaleiit mass 
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maY, therefore, be determined by rurniiag two tests Tdth different 
amaunts of ballast. 

Altliough th6 mor6 importaiit soil characteristics may be obtained, from 
measurements at the vibrator as described, it is adyantageous to supple- 
ment these measurements with observations at a number of points a short 
distance away. The additional information gained thereby is, chiefly, the ' 
variation of amplitude with distance and the velocity of the dastic waves 
transmitted by the vibrator. Since such measurements involve a deter- 
mination of the variation of amplitude with frequency, it is now the more 
common procedure to omit measurements at the vibrator and to confine 
the observations to points generally arranged in a straight line through 
the vibrator. Several such profiles may be made, radiating from the loca- 
tion of the source. 



M(?asuring the variation oj amplitude with frequency involves the same 
technique as previously described, with the exception that now as many 
amplitude-frequency curves are plotted as there are detectors. Fig. 12-lf) 
shows a typical record taken at constant frequency, and Fig. 12--20 is a 
graph giving the amplitudes as functions of frequency for the distances 
involved. From such curves the variation of amplitude with distance may 
be plotted, as is seen in Fig. 12-21. In this case the resonance amplitude 
was chosen for the graph; however, amplitudes at different frequencies 
may be plotted as well, since the variation of amplitude with distance is 
dependent on frequency, as shown below. 

In a homogeneous medium, the vibration amplitude decreases inversely 
with distance for space waves, and inversely with the square of the dis- 
tance for surface waves. Further, there is an exponential decrease due to 
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absorption (see eqs. [9-35] and [9-37]). In a stratified medium the 
directly transmitted wayes interfere with refracted and reflected waves 
because of their path and phase difference. The amplitude-distance curve 
is, therefore, not uniform, as in a homogeneous medium, but shows a series 



20 25 30 33 

FREaUENCY IN CYCLES PER SECOND 

Eig. 12-20. Resonance curves of surface soil at various distances. 

of minima and maxima. Conditions for the occurrence of nriiiima and 
maxima have been discussed by Koehler and Ramspeck.^^ If the surface 


Degebo. Veroff., 4:, 1-38 (1936). 
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distance between the 'vibratox- and a given detector is s, if a surface layer 
with the wave velocity Vi is underlain by another layer with the velocity 
V2 at the depth i, and if the assumption is made that the waves travel 



Fro. 12-21. Phase-speed and amplitude-distance curves. 

vertically to and from the second layer, the phase difference between the 
surface wave and underlayer wave is 



( 12 - 12 ) 
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Therefore, a maximum in amplitude occurs when 

, r2d , fl 1\] 

„ I = 21T, 
IVi \y2 Vi/J 

and a minimum occurs when 


(12-13a) 


dhco 




4 s f 1 ) = (2i ± l)r, (12-13&) 

VV2 Vi/J 


where oo is the angular frequency and i = 0, 1, 2, 3, 4 • • - . It is noted that 
the amplitude has to be considered as a function not only of distance but 
of frequency as well. Taking, first, the variation of amplitude with 
frequency at a given distance s, we see that the ratio of two frequencies 
at which successive minima occur is equal to the ratio of two successive 
uneven numerals (or = [2i — l]/[2i + 1]), whereas the frequency ratio 
corresponding to two successive maxima is equal to the ratio of two suc- 
cessive numbers, or i/(i +■ 1.) On the other hand, if the frequency / is 
held constant, the distance As between two adjacent minima is giv en by 


As = 



(12-13C) 


Similar relations may be written for the interference of the reflected with 
the directly transmitted waves. 

Measurement of vibrations at various distances from the source has 
the advantage that the s^eed of propagation of the waves may be measured. 
This is done by observing the time of occurrence of equiphase amplitudes, 
usually the troughs, and by plotting these times as functions of distance 
(see Fig. 12-21). The speed of vibrator waves is much less than that of 
first impulse (longitudinal) waves generated by explosion. The nature of 
vibrator waves is still a matter of speculation; it is fairly certain, however, 
that they are transverse waves. Ramspeck^° assumes that they arc Love 
waves. In any event, it is permissible to state their velocity of propaga- 
tion by an expression of the form vf = ii/5, where ^ is the modulus of rigid- 
ity and 5 the density. Therefore, when vibrator measurements are made 
in conjunction with seismic refraction observations, all important elastic 
properties of the surface layers may be calculated, provided density deter- 
minations are available. Thus, the modulus of rigidity y, Poissoids ratio 


A. Ramspeck, and G. A. Schulze, Degebo Veroff., 6, 1-27 (1938). 
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(T, and Young’s modulus E follow from a combination of the longitudinal 
and transverse wave speeds: 


V = Vi -5 



E = 2i>(l -t- c). (12-14) 


In homogeneous or nearly homogeneous ground the phase-speed travel- 
time curves are straight lines of constant slope, that is, they indicate 
constant velocities which in turn depend solely on the elastic properties 
and the densities of the formations. In stratihed media there occurs 
a change of velocity with frequency known as dispersion. Where there is 
an underlayer of higher velocity, the apparent velocity will decrease with 
frequency, first slowly, and then more rapidly. Generally, therefore, the 
presence of an underlayer will not be indicated by two true velocities and 
a break between them, as in the longitudirkal wave travel-time curves. 
Only in such cases where dispersion is not possible, that is, when the fre- 
quency is less than the overburden velocity divided by four times the 
depth to the interface, will there be a break in the travel-time curve. 
Then, velocities will be recorded that are independent of frequency. 

This means that for obtaining travel-time curves with true velocities, 
one should operate with low frequencies, since in that case no nodal point 
will develop at the interface and the underlayer will partake in the oscilla- 
tion. Simple expressions’^ may be written for the apparent velocity, v, 
measured at the surface, and for the depth, d, to the interface when there 
is a considerable contrast between the rigidity moduli and, therefore, the 
velocities Vi and V 2 of the two layers. In that case, 


4/Vid 

^ ~ Vufd^-vi 


(12-lSa) 


and 



(12-1 5&) 


where X is the wave length and / is frequenc/. 

Owing to the considerable amoimt of information on surface and sub- 
surface formations that can be obtained by comparatively simple means 
from dynamic soil tests, these tests have found increasing application in 
various engineering fields. Such applications include: determination of 


Ibid. 
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Ibearing strength, compaction, rigidity and general stability of foundations, 
seismic resistance of foundations and dams, effectiveness of compaction in 
earth dams in horizontal and vertical direction, solidity of road beds and 
road surfaces, determination of the thickness of cement slabs, and the like. 

C. Stjuiw Gauging 

Strain gauging, in the general sense, involves the measurement of small 
displacements of mechanical parts under static or transient loading. 
Secondarily, strain gauging devices are useful for the recording of vibrations 
and for a comparison of the dimensions of machined parts with those of 
standards. Strain gauging finds widespread application in the fields of 
automotive, railroad, pipe-line, highway, and related fields of transporta- 
tion engineering; in the testing of all kinds of industrial machinery requir- 
ing an analysis of performance under transient loads and measurements of 
ambient pressures; and in automatic dimension control in the machining 
of matched parts. 

Application in the mechanical engineering field includes the measure- 
ment of strain (and usually vibrations) in airplanes, airships, locomotives, 
steamships; the testing of railway and trolley tracks, railway and highway 
bridges and beds, and transmission towers; the determination of pressure 
and vibrations in pipe lines; and measurement of impact and vibration 
stresses in all kinds of industrial machines, such as punch presses, rolling 
mills, steam and water turbines, internal combustion engines, elevators, 
mine hoists, and the like. 

Although most of these applications of strain gauging are rather remote 
from our field, geophysical problems arise whore mechanical structures are 
tested in relation to, or in connection with, their foundations. Examples 
are railway and highway road beds and bridges, irrigation and flood con- 
trol dams, foundations for industrial machines, and similar structures. 
Another application of a purely geological nature is the measurement of 
rock displacements in faults, shear zones, active earthquake areas, mine 
workings, and railroad and drainage tunnels, and the investigation of rock 
bursts and the subsidence of the surface of the ground and the roofs of 
mines. 

Methods and instruinents for the measurement of stiains or displace- 
ments cover the entire range from ordinary length and ehu^ation nu^asuro 
mentsto measurements as precise as one one-million th of an iinh. Ordi- 
nary procedures for measuring lengths and the regular methods of leveling 
are often satisfactory for observing the changes on very active faults, 
particularly in earthquake areas, for checking the movement of forma- 
tions along major faults or fissures underground, and for keeping track of 
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surface subsidence. Surface subsidence occurs, first, as a natural process 
in consequence of the leaching of salt beds, domes and other rocks or 
formations which may be removed by the action of subsurface waters. 
More frequently ground subsidence is encountered above underground 
workings, particularly coal n^es; ^sometimes it results from the excavar- 
tion of subway tunnels in cities; it has been observed in oil fields as a 
consequence of the removal of oil, gas, salt water, and sand from wells. 
An example is the Goose Creek field in Texas in which the ground subsi- 
dence over the center was as much as 3.25 feet in 8 years.^ Subsidence 
may be due also to the removal of artesian water from large basins and the 
pumping dry of sands and sandy clays in the process of subway or building 
excavation. It may, finally, result from the sanding up and accumulation 
of sediments in large reservoirs, although the latter is a slow process requir- 
ing most delicate means of observation. 

Next in accuracy to the simple leveling devices discussed above are 
mechanical gauges. They come equipped with more or less intricate lever 
arrangements and with dials for reading the displacement, or with a pen 
or stylus for continuous recording. The latter are useful in the surveillance 
of active faults, shear zones and fissures, miue roof subsidence, and tunnel 
movements. For it is only by the continuous and systematic study of the 
time variation of such displacements that we can hope to predict roof and 
wall failure underground and possibly the occurrence of tectonic earth- 
quakes. An instructive example has been published by Landsberg*® show- 
ing that the rate of roof subsidence changed in a definite manner (ap- 
proximately in inverse proportion to the distance of the pillar retreat line) 
until a eave-in occurred. 

For attaining the ultimate objective, that is, the ability to predict the 
time at which a roof or wall is likely to fail or a fault is likely to slip, it 
would be necessary to study not only the time variation of the relative 
displacements along mine walls or faults, but to record simultaneously the 
variation of as many other factors as may be suspected of accumulating 
tensions and contributing to such failures. In addition to processes rmder 
human control, such as the removal of rock, and shocks produced by blast- 
ing, the following phenomena should be observed continually: natural 
earthquakes, rock bursts, variations in barometric pressure, variations in 
moisture, and possibly the bodily tides produced by sun and moon (see 
page 164). Most of these phenomena may be recorded by a single instru- 
ment and may possibly be combined with the displacement record by using 
a gauge that is sensitive to both displacement and vibration. It should be 
added that rock bursts and roof and wall displacements may be mutually 

W. T. Thom, A.I.M;.E. Tech. Publ. No. 17, 9 pp. (Sept., 1927). 

’3 A.I.M.E. Tech. Publ. No. 585, 5 (Feb., 1936). 
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related. It is possible that abrupt displaceineiits give rise to audible, vi- 
brations, and rock bursts of sufficient strength in turn may be responsible 
for the release of tension elsewhere in the vicinity. 

For recording roof subsidence, Landsherg®^ applied a simple recorder 
consisting of two telescoping steel tubes. The lower of these rested on the 
mine floor, while the upper was pressed against the roof by a coil spring 
and connected to the pen of a recorder supported by the base. The dis- 
placements resulting from mining by retreating pillars may amount to 
several centimeters in a day^s time. 

The sensitivity of mechanical strain gauges may be increased by the 
addition of an optical lever. Such gauges have been described by Tucker- 
man.^^ A sensitive optical gauge can be made by combining a Martens 
lozenge extensometer with an autocollimation telescope (used in magnetom- 
eters, see Fig. 8-“18a). The fixed pin of this extensometer rests on one part 
of the member to be tested and the lozenge, to which a mirror is attached, 
rests on another part a few inches away. Displacements as small as 
1/250,000 inch may he detected. Interferometer gauges, while very sensi- 
tive, are too intricate for field applications. 

Compared with mechanical and optical gauges, electrical devices have 
the advantage of smaller dimension and possibility of remote indication 
and recording. These gauges are used chiefly in the testing of convey- 
ances, railway tracks, bridges, pipe lines, dams, and foundations. They 
are applicable also in the investigation of ground and roof subsidence and 
, of rock bursts as discussed above. Generally speaking, an electric strain 
gauge is a device by which an electric current is controlled or modulated 
according to the relative position of two of its parts. The current modula- 
tion, in turn, may be accomplished by variations in (1) resistance, (2) 
capacitance, and (3) inductance. 

A simple resistance gauge is made from a potentiometer whose sliding 
contact is actuated by the magnification lever of a displacement meter 
(see Fig. 9™13), Another resistance gauge, known as the telemeter,''’® 
employs a stack of carbon disks held by a metal frame under an initial 
pressure of about 180 lb. il^^ Variations in resistance of the stack result 
from small deformations of the metal frame and are recorded by a Duddell- 
type oscillograph. The telemeter unit may he used in a w^ater-tighl 
cartridge for sealing into the concrete walls of dams or similar structures 
whose internal stresses arc to be checked periodically. Because^ of its 

with bibliography. 

B. Tuckerman, Am. Soc. Test. Mat. Proc., 23(11), 602-610 (1923). 

McCollum and 0. S. Peters, TJ. S. Bur. Stand. Tech. Paper, 17 (Tso. 247), 
737-777 (Jan., 1924). 0. S. Peters and E. S. Johnson, Am. Soc. Tost. Mat. Tree., 

23(11), 892-901 (1923). 0. S. Peters, Am. Soc. Test. Mat. Proc., 27(11), 522-533 
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small size, the Tinit would also be suited for diamond-drill boles issuing 
from mine drifts, cross cuts, raises, and tbe like, vbere it may be left to 
record variations in roof or vail stresses as mining operations proceed. 
With a high-speed oscillograph, these elements may also serve to record 
rock bursts and blasting vibrations. Several elements in suitable geomet- 
ric arrangement would permit the taking of travel-time records in connec- 
tion -with blasting operations. From such records the velocity of seismic 
waves and their variation with time may be calculated. This will furnish 
data on the variation of rock pressure with time (see discussion at end of 
this section, page 934). 

Single-stack carbon gauges have the disadvantage that their current 
characteristics are not linear. This may he overcome by mounting two 
stacks in one frame, with a tongue projecting between them from the 
frame. The tongue is actuated by a thrust rod free to move through the 
frame, the end of the rod being connected to that part of the member whose 
displacement is to be measured. The two stacks are arranged in opposite 
arms of a Wheatstone bridge containing an oscillograph in the center arm. 
This arrangement has the advantage of greater sensitivity and of balanced 
setup, since the resistance of one stack increases while the other decreases 
when the thrust rod moves in a given direction. The double unit is well 
suited for clamping to structural members of bridges, foundations, pipe 
lines, rails, and the like. 

A unique type of resistance strain gauge has been described by R. 
Gunn.®®“ It con.sists of a vacuum tube with the cathode f lament between 
two anodes that are mounted together on a rod passing outward through 
a flexible diaphragm. A displacement of the rod decreases the plate re- 
sistance of the tube on one side and increases it on the other. The 
plates are connected to a balanced bridge circuit with microammeter. 
The magnification is of the order of 10,000. 

Strain gauges depending on variations in capacitance to indicate dis- 
placement are known as ultramicrometers.” Yarious circuits and methods 
have been proposed for the measurement of minute changes in capacity. 
The.se are: (1) the Dowling method, using a grid-tuned or plate-tuned 
circuit with variable capacity in a Hartley, Colpitt, or similar oscillator; 

Rev. Sci. Instr., 11(6), 204 (June, 1940). 

'”,1. J. Dowling, Phil. Mag., 46(27), 81-100 (July, 1923). C. B. Bazzoni, J. 
Frank. Inst., 202, 35-50 (July, 1926). S. Ekelof, J. Opt. Soc. Amer., 18(4), 337-341 
(April, 1929). J. Obata, J. Opt. Soc. Amer., 16(6), 419-432 (June, 1928). H. Olken, 
Instruincnts, 6(2), 33-36 (Feb., 1932) ; Electronics, 3, 144 (1931). H. Thoma, U.D.!. 
Zeit., 73 , 639 (1929). R. W. "Whiddington, Phil. Mag., 40(139), 634-639 (19-0), 
W. W. Loebe and C. Samson, Zeit. Tech. Phys., 9(10), 414-419 (1928). H. Gcrdien, 
Miss. Veroif. Siemens Konzern, 8, 2 (1920). H, Riegger and R. Boedocker Wiss. 
VerolT. Siemens Konzern, 1, 126 (1920). S. Reisch, Zeit. Hochfreciuenztecb., 38, 
101 (1931). G. Gustafson, Ann. Phys., Sec. 6, 22(6), 507-612 (Mar. 21, 1935). 
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(2) the Gerdien-Thoma resonance circuit; (S) the Whiddington heterodyne 
method; and (4) capacitance bridges. The simplest of these arrange- 
ments is probably the Dowling circuit which contains the variable capaci- 
tance in the grid circuit, the corresponding plate current variation being 
read on a sensitive meter provided with a buckling circuit. Ohata used 
this method in a seismograph accelerometer and a pressure gauge. The 
disadvantage of this circuit is its nonlinear characteristic, the sensitivity 
decreasing in inverse proportion to the condenser spacing. 

In the resonance method a T.T. oscillator is coupled through a condenser 
to a measuring circuit that is so tuned as to nearly resonate with the 
former. The measuring circuit contains the variable capacitance, ampli- 
tude variations being read on a thermocouple-millivoltmeter. Several 
commercial machines for matched production control have been developed 
along this line. In Whiddington^s heterodyne ultramicrometer two oscil- 
lators are employed; one contains the variable capacitance (and is therefore 
variable in frequency), whereas the frequency of the other oscillator is 
fixed. In Whiddington’s setup, the beat frequency is observed directly 
in a detector circuit hy means of a speaker. In a modification by Loehe 
and Samson, the heat frequency, converted into amplitude variation in a 
nearly resonant circuit, is then amplified and read on a meter. The 
capacity-bridge ultramicrometer developed by Reisch has the advantage 
of a linear relation between reading and displacement. It employs a 
movable plate between two fixed condenser plates, and stray effects are 
eliminated by a balanced circuit. 

Ultramicrometer capacitance gauges are exceedingly sensitive. It is not 
diflSicult to measure changes in length to a millionth of a centimeter. 
However, there is frequent interference because of stray capacitances, 
temperature changes, and the like. This probably accounts for the fact 
that these gauges are used chiefly in plants and laboratories and are not 
so desirable as the resistance and inductance gauges for use in the field. 

An inductance-bridge strain gauge is essentially a Wheatstone bridge 
with iron core reactors in opposite arms. The iron core coils are provided 
with armatures, and the gap between them remains fixed in one of the 
reactors whereas the other changes with the displacement to be measured. 
In another form of the inductance gauge there is but one armature with 
two coils on opposite sides, so that a displacement of the armature in- 
creases one gap and decreases the other.®^ In still another form of this 
bridge, two balanced armature coils are in one arm of the bridge while 
two balancing coils, wound on a transformer core, are in the other arm. 

38 A. V. Mershon, Gen. Elec. Rev., 31(10), 526-531 (Oct., 11)28); 35(3), 139-144 
(March, 1932). C. M. Hathaway and E. S. Lee, Meet. Eng., 69(9), 653-658 (Sept., 
1937). M. A. Rasher, Am. Ceram. Soc. Bull., 14(11), 365-367 (Nov., 1935). 
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The supply frequency of inductanee bridges is usually 60 cycles, but it 
may be increased to 500 and 2000 cycles for certain applications. In 
gauges intended for thickness measurements and similar uses in controlled 
plant production, the indicators are rectifier meters. When time varia- 
tions of displacements or vibrations are to be recorded, measurements are 
made with oscilloscopes or oscillographs. 

General Electric Company has developed several connnercial models for 
the inspection of outside and inside tolerances of machined parts, spacing 
of holes, and the like, and for the automatic control of machining opera- 
tions. (A balanced armature inductance gauge of similar construction is 
illustrated in Fig. 9-12) . Inductance gauges are suitable for the measure- 
ment of strains in foundations, bridges, and dams, and for recording 
stresses, roof subsidence, and wall and fault displacements in underground 
workings. In application, the fixed and variable air gaps in the reactors 
arc finst adjusted to bring the bridge into balance. Then the variable 
reactor i.s taken apart, transferred to the member bo be tested, and again 
adjusted for air gap length to obtain bridge balance. The magnification 
of inductance gauges is of the order of 100,000 and may be combined with 
trouble-free operation. 

Various seismologists have attempted to measure displacements between 
points at the earth’s surface. Milne’® determined the motion between two 
piers 3 feet apart by attaching a thrust rod to one of them and recording 
the motion of the free end of the rod with respect to the other. This 
arrangement is therefore .similar to the convergence recorder previously 
described (see page 930) operating in a horizontal instead of a vertical 
direction. Milne’s arrangement was modified and increased hi sensi- 
tivity by various investigators, such as E. Oddone,^* R. Takahashi,^” and 
H. Benioff.'"" Beniofi used two piers 60 feet apart, with a thrust rod con- 
ncctrd to one* of them. The free end of the thrust rod was provided with 
a balanced armature reluctance transducer. The currents induced by the 
movemetii. of thc‘ piers with respect to each other were proportional to the 
displacement velocity; hence, the apparatus functioned e&sentially as a 
seLsmograph and not as a strain gauge. However, it eovrld readily be con- 
verted into a displacement meter by an adaptation of the inductance 
bridge jueviously de.scrilicd. 

A numlicr of the strain gauges de.scnbed above, when reproduced on 
smaller scale, may be applied hi experiments with models of proposed 
structiiri's, tumieds, or undorgrouiid workings. It is true that much valu- 

Trans. Sois. Soc. Japan, 12, 63 (1888). 

‘""Bull. Soc. Scis. Ital, 11, 168 (1900). 

Bull. JOarthq. Res. Inst., 12(4), 760-775 (1934). 

Bull. Seis. Soc. Amer., 26(4), 283-309 (Oct., 1935). 
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able informatioH on strain distribution in structures can be obtained by 
photoelastie studies. However, the fact that only relatively thin sections 
can be used limits the validity of the conclusions to a single plane. If 
actual conditions are to be duplicated in three dimensions, it is necessary 
to resort to reduced scale models and test them with miniature strain 
gauges placed at suitable points. Attention must be given to model scale 
factors, and the elastic properties of the model material must be scaled 
down in keeping with the requisite dimensional relations. 

In concluding this section on strain gauging, it should be pointed out 
that a strain gauge will indicate merely the variation of stress or strain 
with time and not the absolute stress that may be present in the member 
to be tested. To a certain extent this difficulty may be circumvented by 
imbedding strain gauges into a structure in the process of construction, or 
by relieving the stress at suitable points after the installation of the gauges. 
There is a possibility of obtaining absolute pressures in rocks (in sitn) by 
measuring velocities of elastic waves. As was shown in Chapter 9 (see 
page 474), the elastic modulus and therefore the elastic wave speed of 
porous rocks change with pressure. The variation is not linear; it is fairly 
large for small pressures but decreases for larger pressures as a limiting 
value is approached. It is assumed that the pores are first closed up by 
the lower pressures, after which the stress begins to work on the mineral 
grains themselves. Hence, the variation of elastic modulus with pressure 
is different for every type of rock and is dependent on porosity, moisture, 
crystalline structure, and anisotropy. The variation of elastic wave speed 
with pressure for various types of rocks has been determined recently by 
L. Obert.^^^ At reasonably shallow depths, where the pressure is not so 
great that the flat part of the pressure-velocity curve is approached, 
stresses in underground workings may therefore be determinable by seismi c 
velocity observations. 


IV. ACOUSTIC METHODS 

Acoustic methods are included here in the discussion of geophysical 
exploration since, by definition, geophysics is concerned with the three 
acoustic transmission media: the earth, the water, and the atmosphere. 
Although we are inclined to associate the transmission of sound with the 
latter only, sound passes with equal and often greater ease through the 
media of water and solid ground. Transmission of infra-acoustic frequency 
earthquake waves of natural or artificial origin is usually referred to as 
seismic wave propagation, whereas sound transmission through air and 
water, ranging in frecLuency from single impulses to supersonics, as well 


U, S. Bur. Mines Rep. of Invest. Ko. 3444, April, 1939. 
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as the transmission of audio-frequency -vibrations through the ground, is 
termed “acoustic” transmission. With this in mind, we divide the fol- 
lowing discussion into (a) atmospheric-acoustic, (5) marine-aconstic, and 
(c) geoacoustic methods. ’ 

The principal applications of acoustic methods are: (1) communication 
(signali'n^); (2) location of sound sources (acoustic triangulation, ■position- 
finding, or sound-ranging) by measurements of time and distance; (3) deter- 
mination of the direction and characteristics of a source {direction-finding 
and ■noise-detection ) ; (4) location of intervening media {transmission meas- 
urements) ; (5) determination of distances of sound-reflecting objects (echo- 
sownding); (6) noise-prevention. . 

A. Atmospheeic-Acoustic Methcods 

1. Velocity and absorption of sound in air. Of the three possible sound 
transmitting media— air, water, and earth (inclusive of solids)— the at- 
mospheric air is, of necessity, the one most widely used and yet probably 
the least efficient of the three. Sound propagates in air more slowly than 
in liquid or solid media. If the ratio of the specific heats for constant 
temperature and pressure he designated by k (= 1.405 for dry air), if P 
is the pressure (1.013 megadynes cm~^) and 8 (= 0.29-10'^) the density 
of air at 0° C., the sound velocity (at that temperature) is given by 

Vo=y^k^, (12-16) 

or, with the above numerical values, = 331.8 meters per second. 
The velocity increases with the absolute temperature, tab. , or v = 
/ • which for centigrade temperatures t above zero is usually 

written = 331.4ra + 0.66 1° 

Other factors which affect the sound velocity in air are humidity, wind 
direction, and velocity. Near intensive sources, velocity increases have 
been observed. For long ranges the sound does not always propagate 
along straight paths through the atmosphere. From the source the 
sound rays may curve upward because of a decrease in atmospheric tem- 
perature with height, up to about 15-20 km. Temperatures are likely to 
remain uniforin and then to increase again at heights of 30-40 km in the 
ozone layer where sound velocities may reach values of 350-360 m-sec . 
The vertical increase in velocity results in an advance of the upper portion 
of the wave front and a bending hack of the sound rays to the earth s 
surface. For a uniform vertical velocity gradient d'v/dz, the ray curvature 
is given by — (1/v)- 5 v/d; 2 . The bending of the sound rays in the high 
velocity layer gives rise to the well-known ‘^silence zones in souiid-ianging 
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and explosion observations and is similar in principle to the ^^reflection^^ 
of radio waves from the Kennelly-Heaviside layer. Another cause of ray 
curvature may be the increase of wind velocity with altitude. 

Sound is absorbed in air because of viscosity, heat conduction, and 
scattering on small particles. The effect of viscosity and heat conduction 
may be expressed by 

I T 2aar 

X — lo • e p 


where I is intensity at distance x and a is an amplitude attenuation eoefB- 
cient, that is, the reciprocal of the distance at which the amplitude has 
dropped to 1/e of its initial value. If internal friction alone is considered, 
the coefficient 


<x 


8 T n/ 

3 v®5 ’ 


(12-17) 


where II/6 is the static mass-viscosity coefficient, v is the sound velocity, 
and f is the frequency. The coefficient of absorption due to heat con- 
duction is about one-third of that due to internal friction. The absorption 
increases in proportion to the square of the frequency; hence, the range of 
audio signals in air is much less (30 Mlometers maximum for the band of 
300 to 600 cycles) for audio frequencies than that of explosion sounds 
(which have been recorded by microphones up to 400 to 500 km at 5 to 10 
cycles). However, there are so many possible interferences with sound 
transmission, due to variations in meteorologic factors (humidity, wind, 
clouds, fog, and the like) that these ranges are not always reached; sound 
transmission through air is, therefore, much less reliable than through 
water. Some of the very large ranges observed for explosions are no doubt 
caused by the so-called ^^abnormaU’ sound propagation, that is, repeated 
reflections on the (ozone) layer and the earth^s surface. Tor very high 
(supersonic) frequencies the absorption and scattering on small particles 
become so strong that their range is very small. The scattering efect is 
inversely proportional to the volume of the particles concerned and dire<;tly 
proportional to the fourth power of frequency. 

2. Sound ircDumitter^, The design and construction of sound ta‘ans- 
niitters and receivers for atmospheric acoustic work depends entirely on 
the purpose for which the sound transmission is intended. When sound 
originates without control by the listener (explosions, gun fire, airplane 
propeller noise) the technical problem is, of course, confined to the con- 
struction of suitable receivers. In atmospheric acoustic, signaling, position- 
finding, and echo-sounding, the transmitters vary in construction, but thc^ 
emphasis is usually on the low-frequency end of the spectrum. The Behm 
airplane echo sounder and the ^‘Echometer’’ for measuring the depth of 
fluid levels in wells employ simple gunpowder cartridges as transmitters. 
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In radio-acoustic atmospheric position-finding and communieatioa the 
transmittiag devices are, b increasmg order of range, hells, horns, -whittles 
sirens, diaphragm-vrHstle comhinations, and “group” transmitters of the 
latter. For controlled communication, sound telegraphy, and the like 
300-600 c.p.s. appears to he the most suitable frequency band; it is more 
or less a compromise between a frequency to which the ear is most sensi- 
tive, one having a practical range, and one giving directional properties 
when necessary. The latter bcrease with the ratio of diameter and sound 
wave length (2ir/X, 2x7) In this frequency range, electromagneti- 

cally driven diaphragms combined with quarter-wave whistles or exponen- 
tial horns seem to be most efficient. 

If directional transmission is desired, a group of horn transmitters may 
be arranged vertically above one another. For nondirectional trans- 
mission, IIecht“® has designed a double diaphragm transmitter of 5O0-cycle 
frequency, about 33 cm m diameter (= half wave length to resonate the 
air cavity to the diaphragm), with diaphragms in horizontal position, four 
of these being arranged vertically (at a distance of half the wave length) 
above one another. The (acoustic) power is about 2000 watts and the 
range is of the order of 15 miles. 

3. Sound receivers. In a number of applications of atmospheric acous- 
tics, signals are received unaided by the human ear. This is particularly 
true for short-range communication. The sensitivity of the ear is greatest 
m the frequency range of 1500 to 3000 cycles; the correspondbg detectable 
pressure variation at the ear drum hebg of the order of 6- lO"^ dynes- cm“®. 
The sensitivity of the ear may be bereased by various mechanical and 
electrical devices, particularly if arrival times of sounds are to be recorded. 
Mechanically this may he accomplished by increasing the area of reception 
and by narrowing it down to the ear passage, that is, by the use of horns. 
More effective is a combmation of such horns with diaphragms whose 
motion can be recorded photographically by transferring it by a bow-strmg 
mechanism to a rotatmg mirror (“Undograph”)'™ or electrically by the 
use of transducers (carbon, crystal, reluctance, or coil microphones).’'''^ Of 
these, the carbon microphone is least suitable. Crystal and reluctance 
phones are better adapted to marine use, which leaves the coil microphone 
as the most advuiitageous. It is virtually the only kbd that can be used 

Considering that the radiation from a diaphragm of radius r is confined to a 
cone, and designating one-half of the apex angle by a, the (approximate) relation 
that obtains is sin a = 0.6X/r. 

H. Hecht, Kandb. Expor. Phys., 17(2), 409 (1934). ^ . 

This itochanism resembles that applied in the Schweydar mechanical seis- 
mograph (p. 609). See also C. A. Heiland, A.I.M.E. Geophys. Pro8.,_ 242 (m2) 

Regarding arrangement of transducers, see notes on construction of hydro- 
phones, p. 948. 
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when quaatitative reproductions of sound intensity and phase are required 
(as in electrical direction-finding compensators). 

For detection purposes, receivers are generally arranged in groups either 
along a horizontal base line, along a vertical line, on the surface of a 
sphere, or on the circumference of a circle, all depending on the purpose of 
the detection apparatus. For detecting low-frequency sounds (gun re- 
ports, and the like) the hot-wire microphone (or ^Thermophone’^) is given 
preference over the types just mentioned. It consists of a grid of platinum 
wires of about 6 •10'"^ cm thickness, heated by an electrical current, and 
placed in the neck of a Helmholtz resonator or in the passage between two 
resonators. At these points the amplitude of the air moving to and fro is 
greatest and produces variations in the temperature and therefore the 
resistance of the platinum filament. When the microphone is arranged in 
one of the arms of a Wheatstone bridge with an oscillograph in the de- 
tector arm, it is possible to obtain a linear relation between oscillograph 
amplitude and resistance variation and, therefore, the sound amplitude. 

The direction of sound is determined by the binaural effect, that is, the 
ability to detect (subconsciously) very small differences in arrival time at 
each ear. If the incoming sound makes the angle a with the connecting 
(base) line of both ears and if d is their distance, the corresponding phase 
shift is^°^ 

cos a or At -cos a (12-18) 

A V 

where \ is wave length and v is velocity. 

In other words, the directional sensitivity of the ear depends on the 
ratio d/\ (which also controls the directional properties of transmitters) 
and amounts to about 3°, or a time difference of 30 microseconds. 

It is obvious that the directional accuracy can be increased by a binaural 
device of larger base, as in airplane detectors. The direction of sound is 
then determined by rotating the device until the base coincides with the 
wave front. For airplane detection, two sets of (microph()ii(\s in 

parabolic reflectors or in horns) arc required, one pair rotatable a!)out a 
vertical axis to determine the horizontal azimuth, the other rotated about 
a horizontal axis to obtain the vertical angle. 

If apparatus of this type is impracticable because of size, the phas(i 
shift in the sound impulses received by a pair of detectors may be asrtu- 
tainod by insertion of time-delaying arrangements. The.so may me- 
chanical (extension tubes) or electrical (compensators). Fig. 12-22 shows 
a compensator employed in connection with a number of microphones 

This relation is identical with that relating time and apparent surface velocity 
to eniergence angle in seismology, seep. 541. 
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arranged on the surface of a sphere. The microphones are associated vith 
a network consisting of an equal number of series inductances, i, and 
parallel capacities, C. Ihe latter are connected by two sets of contact 
brushes in such a way that the 


time differences are balanced. 
Then the position of the two sets 
of brushes gives the direction of 
the sound ray in space. The 
delay for each filter is -v/ZC. 
The total delay is xi\/LC, if 
there are n receivers to the diam- 
eter d of the sphere. The total 
delay must equal the time re- 
quired for the sound to pass 
through this distance, so that'”® 

^ (12-19) 

111 automatic compensators the 
position of the contact brushes 
is ’ oontinually adjusted to the 
direction of the sound, which 
makes* it possible to aim search- 
lights and anti-aircraft guns 
automatically' at the target. 

4 . Atm osph eric-acoustic com- 
micnication. Sound signaling in 
air to warn ajiproaching vehicles 
and vessels is applied in every- 
day life more c^xiensively than is 
probably roaliz(;d, the automobile 
hom, the factory whistle, the 
fire bell or siren, the fog horn, 
bells and wliistlos on buoys and 
lighthoustss and lightships being 
familiar <‘xain[:)los. For trans- 



Fig. 12-22. Electrical direction compen- 
sator for acoustic airplane detection (after 
Hecht). 


mission of messages, special 

audio-frequency transmitters have been constructed (see page 937). 

5. A Imos'pharic-acoustic posiiionr finding and sourwi-rciiging. By position- 
finding is meant the procedure of determining one^s location by distance 


H. Hecht, loc. cit. 
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measurement from one or two acoustic sources of knoim position which 
transmit a controlled impulse or, as in radio-acoustic position-finding, a 
simultaneous radio and acoustic impulse. Conversely, sound-ranging is a 
method of locating a source by acoustic triangulation, that is, by recording 
its soxmd impulses on a number of receivers of known position. When 
a lighthouse or lightship transmits simultaneous light (or radio) and 
acoustic signals, an approaching vessel may readily determine its distance. 
Assuming that both impulses travel by the same path and that At is the 
time difference of arrival, Vi the light velocity, v, the velocity of sound 
in air, and Av the difference in the velocities, the distance from the source is 

At 

s = --Vi-VafVt-V,, (12-20) 

since Av « v; = 3-10* m, whereas v^ = 3-10^ m. Therefore, the distance 
in kilometers is readily obtained by dividing 3 into the time interval (in 
seconds) between reception of radio and acoustic signal. Measurement 
of distances from two sources of known position gives the true position 
of the receiver. In seismic refraction work, use is made of this method 
to obtain the distances of the seismic receivers from the shot point by 
recording the shot instant by radio and the sound of the explosion by a 
blastophone on the same film. 

The object of sound-ranging is to locate enemy guns by recording the 
sound of their detonation. Records of arrival time are taken at a number 
of receiving stations spread out along a base behind one’s own lines. To 
minimize errors due to local variations in sound velocity, the length of the 
base is made as great as practicable and of the order of 15,000 to 25,000 
feet. It is generally about 10,000 feet behind the Imes. Trom six to 
twelve microphones are arranged at equal intervals along the lines and 
are connected through amplifiers to a six- or twelve-element oscillograph 
camera constructed like the seismic cameras used in refraction or reflection 
recording.”" To be sensitive only to the low-frequency sounds trans- 
mitted by the firing of a gun and to reject other sounds produced by the 
activities of one’s own or enemy troops, the microphones are coupled to 
Helmholtz resonators tuned to about 12 cycles. The microphones are 
usually of the hot-wire type, although experiments with moving-coil 
microphones have also been very successful. 

Since the enemy batteries may be 15,000 to 50,000 feet away from the 
microphones and must be located with an accuracy of about 100 feet, the 
position of the microphones must be surveyed with an accuracy of 1 to 3 
feet. Records must be taken with an accuracy of 1/100 of a second and 


“°See p. 556. 
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the sound velocity must be known to about 1 per cent or better. It is 
in regard to the latter that the chief difficulties arise, since the effects of 
wind, temperature, and humidity, their rate of change in vertical direc- 
tion, and the corresponding cnrvature of the sound rays are not known. 
To eliminate this uncertainty as much as possible, another sound-ranging 
station may b<^ set up between the front and the main base line, with 
microphones arranged in a circle about a point at which small charges are 
exploded from time to time and meteorological elements are recorded 
simultaneously. In this manner, the relation between sound velocity and 
meteorological data is established empirically. 

The location of the sound source is established by measuring the time 
differences in the arrival of the sound at the various stations 0, 1, 2, 3, 
and so If the sound arrives at station 0 in U (unknown) seconds 

after its initiation at the source, in k seconds at station 1, in k seconds at 
station 2, and so on, circles may be drawn about station 1 with the radius 
v(^i ~ to), about station 2 with the radius v(f,2 — U), and so on, with v 
the velocity of sound corrected for wind velocity, temperature, and hu- 
midity, or determined experimentally by the auxiliary ranging setup 
described above. The source is the center of a circle with radius v^o 
passing through 0 and touching the circles about stations 1 , 2, 3, and so on , 
In practice, the source is located by the intersection of hyperbolas drawn 
about the receiving station as foci. 

To eliminate calculations, a series of hyperbolas are plotted previously 
on a large map with the time differences to be expected, and the source is 
located by interpolation. The recording apparatus and amplifiers are 
started by a sentry located between the front lines and the base, when he 
hears the sound of the gun, or they are set in motion automatically by a 
microphone in forward location. With some practice it is possible to 
identify the typci of gun from the character of the record; if shell hursts 
from the sanu' gun have ])een recorded, its range and thus its caliber can 
be deduced. 

G. Diredio/i-fmding, noise-detection. Atmospheric-acoustic direction- 
finding is concerned largely with the detection of enemy scouting or 
bombing planes when unfavorable weather or light conditions preclude 
other ways of d(d,e('tion. The sound emitted by a flying plane is com- 
posed of th(‘ (‘xhaust noise, the ship’s vibration, and the propeller nois(^ 
(tlie latter b('ing the most predominant), and coinpriscis a wide range of 
frociueneies. Most suita})lc for dotc^ction is probably the band from 300 to 
()00 cycl(!s, eoi‘i*espoTiding to a wave length of 1 to I meters. Since th(' 

appearance of the rec 3 ord is much similar to that of a seisiaie refraction 
record (sc(i Ei?<. first part of record) except that the inip\ilses ani of shorter 

duration, Kee also plate oa p, 16 (article: ^^SountP’) Ency. Hrit., 14tli od. 
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unaided ears have a directional sensitivit 7 of about 3 per cent, corre- 
sponding to a time difference of 30 microseconds, it follows that to attain 
an accuracy of or better, as required in plane detection, an artificial 
pair of ears should have a base length of six times that of the eacs, or of 
1.2 meters. Airplane detectors have base lengths of this order, consist 
of two pairs of large ^^ears,^^ and have the shape of reflectors, horns, or 
funnels which can he aimed independently by two operators to locate the 
target by horizontal and vertical angle adjustments. If such detectors 
are too bulky, compensators with mechanical or electrical time delay 
mechanisms are used in conjunction with a cluster of (coil) microphones 
in circular or spherical arrangement (see Fig. 12-22) and may be arranged 
to operate anti-aircraft batteries and searchlights mechanically or elec- 
trically. 

Noise analysis, or determination of type of source by the character of 
sound emitted, is often associated with direction-finding and sometimes 
with sound-ranging. An analogy familiar from everyday life is the physi- 
cian’s method of diagnosing heart and lung diseases by the use of the 
stethoscope. Another acoustic diagnostic procedure applied in medicine, 
the determination of the condition of certain organs by tapping and lis- 
tening to the sound with the stethoscope, is without analogy in atmos- 
pheric-acoustic transmission measurements. 

7. Atmospheric echo-sounding. In primitive form, echo-sounding in air 
has been employed for a long time in the navigation of narrow channels 
during foggy weather by skippers, who estimate the distance to shore by 
the length of time required to receive the echo from the ship’s whistle. 
Another application of atmospheric echo-sounding is made in the Behm 
ground-distance meter. A pistol is fired on one side of an airplane and 
the reflection from the ground is received on the other side by a micro- 
phone. The firing of the pistol sets in motion a disk carrying a mirror 
which projects the image of a light source on a scale. The light passes 
through a small lens which is deflected electromagnctically at the instant 
when the sound is received by the microphone. The Behm airplane echo- 
sounder is not usahlc for distances much in excess of 500 feet and has been 
superseded by an electromagnetic terrain-clearance indicator using fre- 
quency-modulated short-wave radio transmission. 

Finally, atmospheric echo-sounding is applied in geophysical res(!arch 
concerned with the constitution of the upper atmosphere (inve.stigation of 
the so-called ^'anomalous’’ sound propagation, sec page 935) and in the 
measurement of depth to fluid level in oil wells.^^^ The sound is gciiioratcd 
in the last method by the firing of a cartridge in a chamber attached to 

'i2Bell Sys. Tech. J., 18(1), 222-234 (1939). 

J. j. Jakosky, Petrol. Tech., 2(2), 1-23 (May, 1939). 
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the casing head of an oil well. Reflections are recorded from any kind of 
obstacle in the well, that is, not only from the oil level, but also from 
tubing catchers, liner tops, and tubing collars. These echos are picked 
up by a microphone and are recorded oscillographically on rapidly moving 
film. Because of the variation of the sound velocity with the nature and 
temperature of gas admixtures in the well, the lesser reflections from tube 
collars of known depth-interval are used as a means of calibrating the 
time scale when necessary. 

8. Noue prevention. Noise prevention or noise reduction becomes in- 
creasingly important with the growth in the use of industrial machinery. 
In respect to vehicle traffic, noise prevention methods extend to the reduc- 
tion of sounds and noises from horns, engines, exhausts, automobile tires, 
and tram wheels ; in construction work they involve decreasing the noise 
of riveting, and the like; in mechanical and electrical processing, these 
methods aim at sound-proofing and vibration-insulation of foundations. 
One important phase of this work is the reduction of reverberations in 
offices and auditoriums and the improvement in their acoustics generally 
speaking; another phase, of military significance, is the design of. airplane, 
submarine, and battleship engines, shafts, and propellers in such a manner 
that noise and noise transmission is reduced as much as possible. 

B. Marihe-Acoustic Mbthods 

1. Velocity and absorption of sound in water. Compared with air, water 
is a much more suitable medium for the transmission of sound. Its 
velocity is 4^ times as great, its absorption more than thousand times less. 
Like the velocity of atmospheric sound, the velocity of sounds in a liquid 
changes with temperature. In marine transmission, significant varia- 
tions occur with changes in salinity. Following are two useful relations 
expressing the velocity in water aKS a function of temperature t (in degrees 
C.) and salinity u in permille (at 0° C.): 

(1) Metric (Maurer) formula: 

= 1445 + 4.46t - 0.06151“* + (1.2 - 0.015t)(u - 35) 

( 12 - 21 ) 

(2) English formula: 

Vft..8eo-i = 4(12(5 -f 13.8t ~ 0.12t' + 3.73u. 

Unlike sound in air, sound in water is not much affected by the movo 
mcnt of the transmission medium; in other words, oceanic, tidal, and 
similar currents are iiu.'ffective. However, as in air, refraction and rcflco 
tion occur because of vertical variations in salinity and temperature. The 
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vertical velocity variation in water is often much the same as that in 
air but it occurs on a smaller scale. In some experiments described by 
Swainson/^^ the velocity decreased rapidly for the first 50-100 fathoms, 
then leveled off, and increased again from about 500 fathoms on down 
(1 fathom = 6 feet). The temperature decreased from 14® to 9® C. to 109 
fathoms and stayed constant at about 4® from 600 fathoms on down. 
The salinity increased from 33 to 34.2 thousandths as far as about 200 
fathoms and stayed constant from that depth on down. These levels 
change to a certain extent with the seasons. The result of such velocity 
variations is that the sound rays are first bent away from the horizontal 
and curve toward it again at greater depth. 

Contrary to air, the energy does not return to the surface by refraction 
but only by reflection at the ocean floor. Long-range transmission does 
not occur by the direct path but by multiple reflections on both the ocean 
bottom and water surface. According to Swainson’s observations, the 
direct ray was recorded up to 20 km, once-reflected waves up to 70 km, 
twice- to five-times-reflected waves up to 85 km (and possibly more). At 
that distance the travel time was about 1 minute. These ranges hold for 
bomb explosions and not for continuous waves. When the depth is small 
compared with distance (as in most marine-acoustic communication prob- 
lems, except echo-sounding) the time “delay’^ t due to the reflection is 
small compared with the total travel time. According to Swainson,^^® the 
time difference between the first and fifth reflections at 85 km distance 
was about 1 second; thus, the delay for each reflection was second. 
Although the delay is, strictly speaking, dependent on distance (since the 
travel-time curves are hyperbolas, see page 557) and varies in valucTroni 
one reflection to another, it is satisfactory to wihe 

s = v(/ — ri'v) (12-22) 

for distance determinations from the travel time, for n reHoctions. 

The velocity of sound wave.s in water increases somewhat, lu^ar 
souree and decreases slightly wnth an increase in fr(‘Cjueney (in super- 
sotu(^ range). 

The attmuaiion of sound waves in water and «‘iir is g{)v^(‘rn('d hy 1 Ik^ sain(‘ 
relation (formula [12”17]) as far as viscosity damping is eoncerned. Th(? 
coefficient «//“ is 1.45*10"^'^ cm-scc.”^ for air, and 8.5 cm-sc'c."^ for 
water. For the latter, the attenuation is therefore about 1700 iinic^s Icss.^'^ 


^^M), W. Swainson, of Sound Wtwos in Sra H. S. ('oasi k 

(ieod, Hurv., Spec. Hop., PVh. 28, 1936. 

'''' Ihid. 

Ibid. 

L, Bergniauu, Ultrasonics^ Wiley (1939). 
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In water, the losses due to heat condiiction are negligible. Contrary to 
air, water is suitable for both audio- and high-frequency transmission. 
Theoretically, for 1000 cycles the sound iutensity decreases to 0.81 of its 
initial value at a distance of one kilometer in air, whereas in water approxi- 
mately the same ratio (0.75) obtains for tm tines the range (10 km) at 
ten times the frequency (10 kc.)- Ultrasonic frequencies are, therefore, a 
highly suitable means of signaling. A wave of 100-kc. frequency travels 
in air but 5 m to its lo/e value while in water the same wave would travel 
3.6 km, or more than 700 tinaes the distance. Actually, the ranges are 
very much less than the theoretical values because of scattering, refrac- 
tion, and reflection. H. Hecht^^^ places the average practical range of 
subaqueous (audio-frequency) signaling at 20- km with 150 km as the 
maximum possibility, 

2. Marine sound transmitters. Sources of sound in marine transmission 
vary greatly with application. Their construction depends primarily on 
the directional characteristics desired. As pointed out on page 937, the 
latter depend on the ratio of transmitter diameter and wave length. Since 
in water the wave lengths, for the same frequencies, are 4|- times greater 
than in air, it is seen that correspondingly greater transmitter dimensions 
are required to obtain the same directional characteristics as in air. Such 
dimensions are usually impracticable; therefore, transmitters intended for 
signaling are huilt for high or ultrasonic frequencies. Where directional 
characteristics offer no advantage, low frequencies are satisfactory. 
Henc^ the frequency range of subaqueous transmitters covers the entire 
hand from detonations to ultrasonics, depending on purpose. Detona- 
tions may be produced by depth bombs (as in radio-acoustic position- 
finding) or by the firing of cartridges (as in the Behin echo-sounder). For 
submarine telegi'aphy, a frequency is selected which is sufficiently removed 
from the noise produced by the propellers, shafts, engines, and the like. 

When transmitters are Uvsed in conjunction with direct listening devices, 
this frequency is usually close to the frequency for which the human ear 
is most sensitive. Originally, the trauvsnoitters in the audio range between 
500 and 1000 cycles were simple bells or sirens driven by jets of water. 
They were later abandoned in favor of electroinagnetically driven dia- 
phragm transmitters. On lightships, two or more twin-diaphragm trans- 
mitters are employed. They arc rotated with respect to one another for 
uniformity of directional coverage and are mounted one above another 
with diaphragms vertical. These transmitters are lowered through a shatt 
in the vessel to a point 10 to 15 feet below its keel. A ti'ansinitter of thivs 
typo (frequency, 525 e.p.s. ; power, 800 watts; efficiency, 63 'per cent) has 

E. Grossmaiin, Haiidb. K^p. Phys., 17 ( 1 ), 498 (1034\ 

Loc. cit. 
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been described by Hecht/^^ In echo-soxinding, single units may be made 
to do double duty as transmitter and receiver. These are then mounted 
on the keel of the ship with diaphragm in horizontal position. Where 
separate units are preferred for transmission and reception, the transmitter 
is on one side of the ship and the receiver is on the other side and slightly 
forward from the transmitter. 

An electrical transmitter of high efficiency, designed like a dynamic 
speaker, has been constructed by Fessenden. There are two fields at 
each end of the electromagnet; the diaphragm is a steel plate; and the 
moving coil is a copper cylinder in which eddy currents are induced by 
two stationary windings in push-pull arrangement. The range of this 
transmitter is about 30 miles for telegraphy and one-half mile for speech. 
Another widely used transmitter of unique construction is the Hahnemann 
^Tonpilz.’^ Since, in a subaqueous transmitter, one part of the vibrating 
system is actuated in air whereas the other vibrates in contact with water, 
it is advantageous to employ a mechanical step-up transformer because of 
the considerable difference in radiation impedance between water and air. 
This is realized by converting the large displacement and low-pressure 
oscillation of the electromagnetic driver into the small displacement and 
high-pressure oscillation of the water-bounded diaphragm. Mechanically, 
the transformation is effected by coupling a heavy diaphragm to a driver 
of small mass by means of a solid elastic rod. 

Ultrasonic transmitters are less useful in position-finding and sound- 
ranging hut are well suited for communication and echo-sounding bciiause 
of their directional characteristics. Three types are in predominant use: 
electromagnetic, piezoelectric, and magnetostrictive. The electromag- 
netic transmitters follow in design the Fessenden or Hahnemann type 
previously discussed and cover the lower ultrasonic range (10,000 to 20,000 
cycles). A transmitter consisting of six elements about 15 cm in diame- 
ter, mounted one above another on a vertical tube which can he withdrawn 
by a hydraulic lift into the ship^s hull, is described by Hecht.^“^ An echo- 
sounding transceiver operating electromagnetically at a frequency of 
17,500 cycles is illustrated in Fig. 12-23. The piezoelectric (crystal type) 
transmitters are generally used at between 30 and 40 kc., which gives 
ample range (10 to 20 km) and sufficient directional discrimination (about 
25^^ to 30°, see footnote on page 937) for signaling between shore stations 
and ships and between ships in motion, and also for echo-sounding. Since 
a large radiation area would not be obtainable with thin quartz plates, 

'20 Ibid., p. 413. 

'21 Illustration in G. W. Stewart and H. B. Lindsay, Acoustics, p. 249, Van Nd.s- 
trjind (1930). 

'22 Op cit., p. 413. 
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mosaics of such plates between two steel plates are used. In the Langevin- 
Florissou transmitter,^^® the quartz plates are 2 mm and the steel plates 
each 3 mm thick. The diameter is 25 cm, the frequency 38 kc. Virtually 
the same transmitter has been built in England and Germany for the 
purpose of echo-sounding (37.5 kc., driven by peak voltages of 6000 volts, 
transmitting damped impulses of about 1/1000 second duration). 

Magnetostrictive transmitters make use of the Joule effect, that is, 
changes in length of a rod when it is magnetized longitudinally. The 
drivers are solenoids (see Fig. 12-24) or iron yokes, surrounded by coils 
and used with a biasing field. The armatures are nickel rods, coupled to 
aluminum diaphragms. Driving power is supplied by V.T. oscillators 
in regenerative arrangement or by high-tension generators discharging 
through a condenser into the field coils surrounding the rods. The latter 
scheme is used in the (20 to 30 kc.) echo-sounding transmitters built by 
Atlas-Werke and by the Electroacoustic Company^^^ and in the Hughes 
echo-sounder (Tig. 12-24). 

3. Submarine sound receivers Qiydro'j^hones), Subaqueous sound re- 
ceivers fall into two groups : (1) stethoscopic listening devices, and (2) elec- 
trical microphones. In the former, the application of the stethoscopic 
principle (amplification by reducing the section of a receiving chamber to 
that of an ear tube) is necessitated by the energy loss occasioned by the 
tremendous contrast in the acoustic resistivities of water and air. Were 
the sound to pass directly from water to air, only 0.12 per cent of the 
incident amount would be transmitted. A stethoscope with a 15:1 ratio 
of base to tube diameters raises this to 2.4 per cent,^^^ that is, it effects a 
twentytold improvement. To obtain unit yield, a 60:1 ratio in the base 
to tube diameters would have to be realized. This means that with the 
normal ear-tube size, hydrophones of impracticably large diameters would 
have to be built. 

The difficulty may be overcome by interposing another medium between 
air and water. Unit transmission may be accomplished if the acoustic 
resistivity of this medium is the geometric mean of the acoustic resistivities 
of air and water and if its thickness is one-quarter of the wave length of 
the sound in it. This has led to the adoption of listening devices with 
rubber shells fashioned in the form of a Broca tube, that is, a spherical 
receiver attached to an ear tube. On small vessels such receivers have 
been used on both sides of the ship, and the direction of sound has been 
determined by aiming the ship for equal sound intensity or phase, making 
use of the binaural effect. Tor larger vessels, mechanical or electrical 

Illustrated in Bergniann, op, cU.^ p. 196. 

Illustrated in Bergmanri, op. cit., p. 198. 

^26 Stewart and Lindsay, loc. cit. 
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compensators take the place of the rotatable receiver system. la stetho- 
scopic devices, mechanical compensation may be accomplished by varying 
the length of the ear tubes in trombone fashion, or by inserting, a rotatable 
capsule which has variable air passages inside^^^ and allows the direction 
of sound to be read directly. Greater accuracy in direction-finding is 
possible by the use of multiple receivers. As many as twelve to eighteen 
have been used on each side of the ship. 

Stethoscopic listening devices have been largely superseded by electrical 
receivers. The latter consist in the main of diaphragms provided with 
carbon-microphone, electromagnetic, piezoelectric, or magnetostrictive 
transducers. Carbon microphones have been applied mainly in inertia- 
coupled form as described below. Electromagnetic hydrophones are of 
the inductive (moving coil) or reluctance (variable air gap) variety. 
Eepresentatives of the former are the Fessenden oscillator (see page 946) 
and the Electroacoustic Co. detector.^^^ In this, the diaphragm carries a 
piston, moving in a closely fitted ring, with oil in the gap to achieve 
damping. Reluctance receivers are constructed very much like the reluc- 
tance seismographs described in Chapter 9.^^® One example is the Hahne- 
mann Tonpih transmitter (when used as a receiver), another the ordinary 
headphone receiver, and a third is the balanced armature (Baldwin or 
Westinghouse) speaker when suitably coupled to the diaphragm as dis- 
cussed below. The piezoelectric and magnetostrictive receivers are usually 
identical in construction with the transmitters previously described. 

Hydrophones may be readily constructed with available microphone or 
speaker units. Three arrangements are possible: (1) mounting the micro- 
phone to the orifice of a stethoscopic air chamber behind the diaphragm;^^^ 
(2) combining the diaphragm with the moving coil of a dynamic speaker 
or of a coil microphone, or with the armature of a reluctance phone, the 
magnet unit being rigidly fastened to the case; (3) suspending the repro- 
ducer in inertia or Tonpih fashion from the diaphragm. The first arrange- 
ment lends itself best to hot-wire, condenser, electromagnetic, and other 
available microphones or diaphragm reproducers, but it is the least efficient 
of the three. The second method is best suited for velocity (inductive 
and reluctance) transducers and for quantitative reproduction, particu- 
larly in connection with compensators. The third is probably the most 
effective and is used with reproducers of light weight, such as crystal and 
carbon button microphones. 

Illustrated in Stewart and Lindsay, op. cit,^ p. 27&. 

Illustrated in Hecht, op. cit.y p. 429. 

128 Seep. 611. 

128 Such a use of Baldwin balanced armature reproducers is described by H. G. 
Dorsey, U. S. Coast and Geod. Sutv., Field Eng. Bull. No. 12, 212 (Dec., 1938). 



CuAr. 12] MISCELIANEOUB GEOPHVBICAL METHODS 949 

Electrical receivers may be combined with electrical compensators for 
directional reception, The design of the delay networt is the same as in 
the atmospheric sound compensators previously discussed (seepage 939), 
However, determination of vertical angles is rarely required; and, there- 
fore, the hydrophones and the delay elements in the compensators are 
arranged as nearly in a circle as the ship's outline will permit. A com- 
pensator for submarine detection, corresponding in construction to that 
illustrated in Tig. 12-22, is described by Hecht.^®*^ 

4, Marine-acomtic communication. The frequencies used for marine 
communication depend greatly on purpose, location of the receiver, relative 
stability of the positions of the communicating parties, as well as range, 
directional selectivity, and secrecy desired. Since receivers are usually 
located on ships in motion, interfeiing noise frequencies due to engines, 
propellers, and the like, must be suppressed. This requirement sets the 
lower frequency limit at about 590 cycles. For direct reception, the upper 
limit is determined by the sensitivity of the ear. As a practical compro- 
mise, a frequency of 1050 cycles has been, adopted in most merchant 
marines for some time. In the navy, where directional transmission is 
desirable, communication frequencies are higher and extend into the ultra- 
sonic range. Speech transmission, direct or by modulating a high-fre- 
quency carrier, has beep successful for short distances only (one-half to 
one mile). Audio-frequency transmitters and receivers are generally of 
the electromagnetic typ(}. Ultrasonic receivers are arranged in groups and 
are mounted on tubes which may be lowered from the ship's keel and 
rotated about a vertical axis. The purpose is to confine the beam to the 
direction of communicating shore stations, surface ships, or submarines. 
Because of its directional properties, acoustic communication is often su- 
perior to radio. When used between ships of the same fleet in combat, it 
is lo>SH vulnerable than radio. 

5. Marinc-acomtic position-finding and sound-ranging. In its simplest 
form, marin<'-a(‘Ousti(^ position-finding consists of a determination of the 
bearing of two sources of sound of known position, such as buoys, light 
v(\sseLs, and shore stations equipped with identifiable transmitters. 
Strictly speaking, this method comes under the heading of directioii- 
fiiidiiig; hence, this discussion will be confined to the more quantitative 
methods of position-finding and sound-ranging by measurement of travel 
times. 

Thc’^ distanc(; of a ship from a source transmitting both an air and water 
signal at the same time, such as light vessels and buoys, may he deter- 
mined by application of formula (12-20). If Vi is the velocity of sound in 


1*0 Op. cit. , p. 428-429. 
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water and Vs that in air, the formula gives a factor of 0.42 with which the 
time difference in seconds is multiplied to obtain the distance in kilometers. 
Capable of greater range is distance determination hy the use of radio and 
sound signals transmitted simultaneously from shore stations and light 
vessels. In that case (by application of formula [12-20]) the distance in 
kilometers is approximately equal to one and one-half times the observed 
time difference in seconds. By receiving signals from two radio and under- 
water sound transmitters of known position, the ship's position may be 
found without difficulty. Conversely, a ship firing a depth charge and 
transmitting a radio signal at the same time to two shore stations equipped 
with hydrophones may be given its position by radio. This is of con- 
siderable help to navigation in fog; a ship forty miles away from the 
transmitters may thus locate itself within about 2000 feet. 

A similar procedure is applied in the ^^BAR" (radio-acoustic-ranging) 
system of the U. S. Coast and Geodetic Survey to determine the position 
of echo-sounding vessels. From the latter, a depth, bomb is fired elec- 
trically at the desired location, and the sound wave is picked up by two 
Sono-radio-buoys anchored at known positions. The buoys are equipped 
with short-wave transmitters which radio the instant of reception back 
to the surveying vessel where the radio signals are recorded on a chrono- 
graph. For this purpose, a hydrophone is suspended half way down the 
anchor line of the buoy. The phone is connected to a tuned three-stage 
transformer-coupled amplifier which^ through a gas tube, trips the grid of 
a 4 megacycle (2 to 5 watt) transmitter. This arrangement removes 
the carrier between signals and makes for a longer life of the transmitter 
batteries. The maximum hydrophone range to trip the transmitter is 80 
to 100 km; the range of the radio transmitter in terms of signal required 
to work the recording chronometer is about twice as great. The accuracy 
of the RAR system depends, naturally, on how well the velocity of the 
sound in sea water is known; and this in turn changes with refractions, 
reflections, and variations in temperature and salinity (see page 944). For 
a given area, velocities can be determined by IIAR observations with 
known vessel positions obtained from geodetic triangulation or astronomic 
measurements. 

Marine sound-ranging methods are used for the location of mine ex- 
plosions and depth charges, and for determining the range of a ship’s 
shell fire. The hydrophones are placed along a base lino about twelve 
miles long and are connected to a shore recorder similar to thc‘ type uned 
in atmospheric sound-ranging. If the secrecy of the installation is of no 

A. M. yinceiit, U. S. Coast and Geod. Surv., Field Kiig. Bull. No. 11, 73, 
(Dec., 1937). A slightly different circuit is described by H. G. Dorsey, op. cii., 
p. 99. 
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consequence, the hydrophones are suspended from radio-equipped buoys 
which communicate the impulses to a shore recording station or recording 
vessel. 

Explosions of mines and torpedoes or shell hits may be located by sub- 
naarine sound-ranging equipment up to distances of 100 km. 

6. Direction-finding and noise-detection. Marine noise-detection and 
direction-finding are applied (1) in navigation, to determine a ship's posi- 
tion by taking bearings of one or two sound sources of knovm position 
(submarine transmitters on buoys, lighthouses, shore stations) ; (2) in the 
detection of enemy craft from surface ships and submarines, and in de- 
tecting the approach of friendly ships to avert collisions with emerging 
submarines; (3) in the surveillance of straits and harbors during periods of 
poor visibility. With the exception of the last application, the detecting 
devices are mounted on board ship and therefore an immediate difficulty 
arises from the high noise level caused hy the ship's engines, propellers, 
rush of water, and activities on board ship. This interference may be 
partially reduced hy sound insulation and electric or mechanical filtering; 
however, the only really effective means of separating the noises to be 
detected from these accidental noises is by directional hearing. 

Among the noises produced by other ships, most important is probably 
that caused by the propeller as the result of the collapse of air bubbles. 
This noise is so characteristic that a practiced listener may determine the 
number of propellers and blades, the type of engine, and therefore the type 
of ship to which he is listening. Other noises are produced by the ship's 
engines, by pumps, and by generators, and are transmitted through the 
hull to the water unless special precautions are taken. The frequency 
range of a ship’s noises is considerable; for practical purposes, the band 
from 500 to 2000 is most suitable. 

In the early days of marine direction-finding, two receivers of the Broca 
type were used with a rotatable base of comparatively small length. Later 
this was replaced by two or more receivers on both sides of the ship, con- 
nected to a mechanical time-delay compensator of the trombone type 
previously descnibcd. This system has recently been superseded by elec- 
trical coil microphones with electrical compensators, as described on 
page 939. 

7. Echo-sounding. Echo-sounding is undoubtedly the most widely used 
marine-acoustic method. Its advantages in speed and accuracy over the 
mechanical wire-souuding method are obvious. The method is more than 
a mere means of measuring depth. Because of the speed and completeness 
with which the topography of the ocean floor may be mapped, it is an aid 
in navigation since in many cases the ship's position may be determined 
accurately from a bottom contour map. Echo-soimding has been aj^plied 
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ill the location of shipwrecks and submarines on the bottom, the determina- 
tion of the character of the ocean floor, and the detection of fish shoals. 
Echo-sounding was tried at an early date on icebergs; Fessenden found at 
the time that (on account of the irregular surface of the berg under water) 
the ice echoes were much more feeble than the sea-bottom echoes. This 
may possibly he overcome by the use of high-frequency sounds and hori- 
zontally directed beams. In this manner ranges of at least several hundred 
yards may be obtained. It has been reported^^^ that greater ranges (up 
to three miles) are obtainable by listening to the bursts which apparently 
develop in the iceberg from its cracking under water. 

Marine echo-sounding methods involve the principle of distance deter- 
mination by measuring (1) the direction of the return ray, and (2) the 
time interval that elapses between the initiation of a sound impulse and 
the arrival of the echo. The first system requires that the depth he 
comparable with the length of the triangulation base, that is, the length 
of the ship. Therefore, this method is applicable only at shallow depths, 
to about 100 fathoms. As originally applied, this method utilized the 
propeller noise as sound. A group of submarine detectors was mounted 
forward on the ship and connected to a compensator, whereby the direc- 
tion of the incoming sound could be determined. If (p is the angle which 
the sound, reflected from the sea bottom, makes with the horizontal, and 
if 2a is the distance of the detector group from the propellers, the depth 
to bottom is given by d = c tan <p. This method is not particularly fast 
nor is it very accurate. 

In all other echo-sounding procedures, the time interval that elapses 
between the initiation of a sound impulse and the arrival of the echo is 
measured. The reflection of a sound impulse generated by striking a bell 
may be perceived by the human ear. However, the intensity of such an 
impulse would not be sufficient to actuate an automatic indicating device, 
nor would this timing method be accurate enough. Large intensities may 
bo generated by crowding the available energy into a short spacu^ of time, 
for example, by the detonation of an explosive, or by n con deuiser discharge 
itito an electromagnetic or magnetostriction oscillator. A wid(' freciuency 
range has been utilized. High frequenci(^s, although subjec;! to great 
aiosorption, offer definite advantages in regard to directional s(d(M‘tivity. 
In shallow water they are the only ones applicable. Since, for a depth 
accuracy of five feet, a time inteiwal of 2 milliseconds must be measured, 
t he length of the initial impulse cannot be more than 1 /lO of this interval. 
InasmiKih as, for moderately damped transmitters, the impulse dies out 
after about 10 oscillations,^'*^ frequencies ranging from 10 to 50 kc. are 

T. Barnes, Nature, 124, 337 (Aug. 31, 1929). 

H. Hecht and T. A. Fieeher, Handb. Exp. Phys., 17(2), 433-439 (1934). 
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required for shallow echo-sounding. Ultrasonic receivers and transmit- 
ters of the electromagnetic, piezoelectric, or magnetostrictive type, previ- 
ously discussed (see pages 946 and 948), are mounted on opposite sides of 
the ship, usually in water-filled tanks on the inside of the hull. In many 
installations, only one device is used for both transmitting and recehiiig. 

In regard to construction and operation, three different kinds of echo- 
sounders may bo distinguished: (1) phase shifters, (2) dial indicators, and 
(3) automatic recorders. An example in the first group is the British 
Admiralty depth finder, in which the transmitter is a 2000 cycle diaphragm 
that is struck a hard blow with an electromagnetic hammer to start the 
sound impulse. The electrical impulses are transmitted to the oscillator 
three times a second from a contactor switch rotating at uniform speed. 
This commutator carries two segments which are connected to the re- 
ceiving phones and which put a short circuit on the phones except for a 
brief instant. The brushes making contact with the transmission seg- 
ments are fixed, whereas the receiving brushes may be revolved with re- 
spect to the former. The operator adjusts the angle between the two sets 
of brushes until he can hear the echo distinctly, the angular rotation then 
being a measure for the echo time and therefore for the depth. In one of 
the sonic depth finders developed by the F. S. Navy, the above principle 
is reversed and the time interval between successive impulses is changed 
until transmitted and received impulses are heard simultaneously. This 
will be the case if the transmission interval is an integral multiple of the 
•echo time. The transmission interval is controlled by varying the dis- 
tance of a friction wheel from the center of a driver disk rotated at con- 
stant speed. Further details on this method will be found in Stewart 
and Lindsay.^'^^ 

In the second group of echo-sounding devices, depth readings are taken 
on rotating dials or pointers that are started by^ the sound impulse and 
stopped by the echo. The earliest of these is the ^^microtimer” invented 
by Behm.^'^^ It is essentially an electrically operated stop watch and 
consists of a disk with a steel projection which is held in the starting posi- 
tion by an electromagnet. When an underwater cartridge is fired, a 
nearby microphone picks up the sound impulse and by a relay disconnects 
the starter olectromagm^t from the circuit. The disk is then set in motion 
by a leaf spring which engages a projection on the outside of the disk. A 
second microphone, when struck by the echo, disconnects a second or 
brake electromagnet, thus releasing its armature which is fastened to a brake 

Op. cit, p. 283-286. 

Literature will bo funnel in: B. Scliulz, Aan. Hydro., 52, 254-271, 28^1-300 
(1924). H. Maurer, Ami. Hydro., 62, 75 (1924), 64, 336-340, 301 (1026), 66, 347-352 
(1928); Zeit. Ges. Erdk. Berlin, 62, 371-377 (1®), 63, 248-249 (1928); Erg. H., Ill, 
130-218 (1928). Hecht and Eisher, loc. dl 
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shoe. At that instant the diskis stopped, its graduation giving the depth 
directly. The accuracy of this device is claimed to be 1/10,000 of a 
second. 

In the ^‘echometer’^ designed by Hecht, a steel disk connected to a 
pointer is situated between two electromagnets. One of these is stationary 
and the other is revolved continuously by a synchronous motor. Before 
the sound impulse is sent, both electromagnets are energized and the steel 
disk is held by the stationary electromagnet in such a manner that the 
pointer is on the zero point of the dial. The sending of the impulse dis- 
connects the stationary electromagnet so that the moving electromagnet 
is free to take the disk along with it. When the echo arrives, the rotating 
magnet is disconnected and the stationary magnet is energized so that the 
disk and the pointer stop at an angular position corresponding to the echo 
time and, therefore, the depth. The pointer is held in this position for a 
few seconds, permitting a reading to he taken. It is then returned auto- 
matically to its starting position. 

Another dial-indicating instrument is the ‘^fathometer’^ developed by 
the Submarine Signal Corporation. A modification for shallow depths by 
Dorsey^^® is illustrated in Tig. 12-23. In this instrument the pointer is 
represented by a slot in a disk attached to the rotor of a synchronous motor 
driven by a 1025-cycle tuning fork. In front of the revolving disk is a 
frosted glass dial and behind it is a circular neon tube which lights up 
instantaneously when the echo strikes the receiver, thus illuminating the 
depth reading on the stationary dial. The sound impulse is dispatched 
hy the action of a photoelectric cell which receives a flash of light from a 
mirror attached to the rotor when the latter passes through its zero position. 

Recently, the recording type of echo-sounding device has come into in- 
creased use. It is a simple matter to record oscillographically the reflected 
impulse, together with what motion may be produced by the direct wave 
which travels from the source to the receiver through or around the hull 
of the ship. Records of this kind resemble those taken in reflection seis- 
mic exploration. However, such oscillograph records are rc3quired only 
in connection with experimentation and research. Because of the rela- 
tive strength of the reflected impulse, its well-defined character, and the 
absence of interference from other refractions or reflections, a complete 
record can be dispensed with. The echo-depth recorders now used work 
automatically and record continuously both impulse transmission and 
echo depth; in other words, they trace the water surface and the bottom 
contour. 

An automatic recorder developed by the British Admiralty^’^® is ilhis- 

H. G. Dorsey, J. Wash. Acad. Sci., 25 ( 11 ), 469-476 (Nov., 1935). 
records in B. Gutenberg, Lehrb. Geophys., 3 , 585 (1926). 

J. S. Slee, J. Inst. EL Eng. (London) 70, 259-280 (1932). 
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trated in. Fig. 12-24. Both, transmitter and receiver are hLigh-freq[\iency 
(16,000 cycles) naagaetostriction units and are mounted on opposite sides 
of the ship in water-filled tanks. The sound impulse is initiated by dis- 
charging a high tension generator through a condenser into the windings 
of a submarine oscillator, the transmission key being actuated by the 
recorder itself when it reaches the zero position. The recording unit is 



U, S. Cocit and Geodetic Survey 

Pig. 12-23. Schematic circuit of Dorsey fathometer. 


essentially a spiral drive which moves a stylus hack and forth across re- 
cording paper impregnated with starch iodide. An imprint is produced by 
liberating iodine when current passes through the stylus and the paper to 
a metal roller hcmoath the paper. When the stylus is at the edge of the 
paper, the transmission key is closed and current passes through the stylus, 
thus marking the instant when the signal is dispatched. On arrival of the 
echo, current is again passed, thus producing a continuous record of the 
ocean bottom. With these high-frecpieney recorders it is possible to dif- 
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ferentiate between the sur- 
face of the silt and the solid 
rock on the bottom of the 
ocean, and to pick up fish 
shoals, determining their 
depth and their coneentra- 
tion ill relation to the topo- 
graphy of tli(3 ocean floor 
(Fig. 12-25). The ability 
of high-frequency echo- 
sounders to furnish this 
information in addition to 
ocean, bottom contour has 
made them invaluable in 
commercial fishing.^^® 


C. Geoacoxjstic Methods 

Geoacoustic procedures 
are essentially short-ware 
(or high-frequency) seismic 
methods. They are distin- 
guished from seismic meth- 
ods^^® in that they involve 
audio-f requency commiiiii- 
cation and direction finding 
and not direct measurement 
of travel times. At pres- 
ent, geoacoustic methods are applied in mine safety, mine r(*seue, mine 
surveying, location of water pipes and water leaks, and location of enemy 
sappers in trench warfare. 

1. Velocity and absorption of sound waves in the ground. Since travel 
times are not measured in geoacoustic methods, f^^w dinK't. data on the 
ground velocities of audio-frequency sounds are available. H()wev(‘r, 
is no reason to assuiiKi that they differ from tlu* vt^loeitics of siusrnie wav(‘s 
of lower frequencies, as discussed in CTiapter 9, pages 468-4:72. 

Of the three sound- transmitting media — air, watm-, and earth -the 
latter, particularly consolidated rock, show's the highest, xadocitic^s. Coin- 

13 9 0. Siind, Nature, 136(3423), 953 (June, 1935). 

1^® la respect to transmission frequency, clynainio soil-test/m^^ ( (liHcussed in sec- 
tJou III of this chapter) oeeupies an intermediate place betwcvui .sf^isinic Mtid geo- 
tie methods. 



Fic. 12-24. Automatic magnetosthetioa echo 
depth-recorder (after Slee). 
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pared with TOter and air, the ground is a rather poor sound-transmission 
medium. Attenuation of audio-frequency elastic waves in the ground is 
much greater than the attenuation of seismic waves. Many factors are 
responsible, such as refraction, reflection, scattering, absorption, and 
damping. To begin with, more energy is lost in audio-frequency than in 
seismic-frequency transmission because of scattering, since the wave 
length of audio-frequency sounds is comparable with the dimensions of 
the interfering objects. In seismic exploration, the wave length of re- 
flected waves of an average speed of 10,000 feet per second is 200 feet at a 
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Fici. 12-26. Fish-shoal detection by sonic depth finder. 

frequency (i 5() cycles, and the wave length of ground-roll waves of a 
velocity of 1000 feet per second is 100 feet at a frequency of 10 cycles. On 
the other hand, the length of geoacoustic waves of a velocity of 6000 feet 
per second is only 3 feet at a f requency of 2000 cycles. Since the intensity 
of sound scattered hy an ob-stacle is proportional to the volume of the 
ob.staclc and inversely proportional to the fourth power of the wave length, 
it follows that high-frequency sounds may readily be scattered several 
hundred thousand times more than low-frequency seismic waves, other 
conditions being equal. This accounts for the limited range of high-fre- 
quency sound waves in the ground. The relative range of seismic and 
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acoustic waves in the ground is therefore comparable with the ranges of 
audio-frequency and supersonic waves in air. 

Another cause of attenuation is loss of amplitude due to internal fric- 
tion. In a viscous medium, the distance traveled by an elastic wave until 
its amplitude is diminished to 1/e of the initial amplitude is the reciprocal 
of the absorption coefficient, or where n is the static vis- 

cosity coefficient, v the velocity, 5 the density, and X the wave length. 
The range is thus inversely proportional to the square of the frequency. 
With increasing distance, the higher frequencies drop out and the lower- 
frequency components of the initial impulse remain. The range increases 
further in direct proportion to the radiation impedance (product of veloc- 
ity and density) . Hence, the waves travel farther in firm and consolidated 
than in loose and unconsolidated rocks (see page 478). Leighton^^^ has 
given the following, values for distances at which the pounding of a sledge 
hammer could be detected with a 1000-cycle geophone through various 
formations: 3000 feet through hard rock, 2000 feet through coal, 400 feet 
through clay, and 550 feet through the mine cover. For vertical propaga- 
tion down to 400 feet, Howell, Kean, and Thompson obtained half-value 
distances of 900-cycle waves ranging from 78 to 640 feet.^^^ It follows 
from the above that geoacoustic methods are well suited for the location 
of highly absorptive formations underground, such as clay seams, faults, 
and shear zones. 

2. Geoacoustic sound transmitters. More than twenty years ago Fes- 
senden suggested the use of submarine transmitters in wells as a source of 
elastic waves for the exploration of mineral deposits.^^* Such transmitters 
were not wholly successful because of the limitations of the high frequencies 
just discussed. Comparing 4O0-cycle propagation with explosion-gener- 
ated waves in a profile across the Hawkinsville salt dome, L. G. Howell, 
et found shorter travel times for the explosion waves, which would 
indicate that the latter penetrated the cap rock whereas the audio-fre- 
quency waves tended to travel near the surface. It is probable, therefore, 
that for exploration purposes the lower frequencies, such as those used in 
dynamic soil-testing vibrators, have better possibilities. 

In mine rescue work and trench warefare there is, naturally, no choice 
in regard to the frequency characteristics of the sound source. As a mat- 
ter of fact, the higher frequency components have to be utilized if the drill- 
ing or digging tools and associated activities are to be identified. The 

A. Leighton, U. S. Bur. Mines Tech. Paper No. 277 (1922). 

“2 L. G. Howell, C. H. Kean, and R. R. Thompson, Geophysics, 6(1), 1-14 (Jan., 
1940). 

S. Patent 1,240, 228. 
cil. 
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same applies in the location of water leais, whose characteristic sounds are 
caused by the impact of the escaping water on the surrounding formations. 
In underground communication and mine rescue operations it has been 
found that the most effective way of transmitting sounds is to strike a 
hard rock surface with a sledge hammer. 

3. Geoacousiic receivers. The unaided ear would be a rather ineffective 
means of detecting earth sounds. A marked improvement may be at- 
tained by the simple means of using a canteen almost full of water, and hy 
placing the ear as closely as possible to its orifice. The principle involved 
here is that the contrast in radiation impedance between ground and air 
is stepped down by the insertion of water (see page 947). Another way of 
detecting sounds transmitted through the earth is to resonate a mechanical 
detector or seismograph to the predominant ground frequency and to con- 
nect this detector with the ear by a stethoscopic amplification device. A 
detector of this kind is known as a geophone and is illustrated in Fig. 12-26. 



Fig. 12-26. Geoacoustic detector (geophone) (after Leighton), (a) Diaphragm, 
(6) cap plate, (c) iron ring; lead weight in. solid blaci. 

In it a lead mass weighing about one pound is suspended between tw’O 
nickel diaphragms about xfiw inch thick. The space above the upper 
diaphragm is about 3 inches in diameter and connects to an orifice of about 
I inch in diameter. From the orifice the sound passes into the rubber 
hose of a st('thoscope whose end fits snugly into the ear. Geophones are 
generally used in pairs for directional hearing. To obviate phase dif- 
ferences, the rubber hoses must be of equal length. 

The reduction of diameter of the geophone in its orifice results in an 
increase of amplitude. Since the transmission of sound from a large to a 
small tube is ecjuivalent to the transmission from a dense to a rare medium, 
eqs. 9-34 (see page 478) apply. Substituting, for the radiation impedance, 
the products of velocity and density, considering the velocities equal on 
both sides, and setting the densities proportional to the cross-sectional 
areas, the transmitted amplitude is 2iSi/ (S 2 + Si) times greater than the 
amplitude' of the diaphragm. Tor a standard geophoiic in which the rat io 
of the cross-sectional areas of diaphragm and orifice is of the order of 120, 


960 


MISCELLANEOUS GEOPHYSICAL METHODS 


[Chap. 12 


the amplitude of the air in the rubber hose is therefore about twice the 
amplitude of the diaphragm. 

Thus, the gain resulting from a reduction of the cross-sectional area is 
rather small. It may be increased by the use of electro-mechanical trans- 
ducers coupled to the geophone mass. Ackley and Ralph^^® have reported 
that the minimum audible distance could be doubled by using a standard 
geophone with an unbalanced reluctance transducer and a three-stage 
triode amplifier. Undoubtedly this sensitivity can be further increased by 
crystal transducers and higher gain amplifiers. Carbon microphones and 
hot-wire microphones have been proposed for this application but are 
probably not so good as crystal microphones. 

4-. Geoaccustic commnnication. Geoacoustic methods are used as a 
means of communication of rescue parties with entombed miners and with 
other parties located at the surface or in near-by mine openings. Signals 
are transmitted by striking the wall at short intervals with a sledge 
hammer or other available tool. Transmission Ls better in the direction 
of the strike of formations than at right angles thereto, and it may be cut 
off occasionally by faults or shear zones. Communication is possible in 
this manner through distances of 2000 to 3000 feet in rock and through 
about 500 feet of overburden. Speech may be picked \ip through distances 
of several hundred feet, although the standard geophone, being undamped, 
is not particularly suited to a faithful reproduction of speech. It is 
probable that an adaptation of the crystal microphone would be better 
adapted to direct speech transmission. 

5. Geoacoustic position-finding and sound-ranging. From the discussion 
of these topics in connection with marine-acoustic methods, it will be re- 
called that position-finding is defined as the determination of one^s position 
by timing the sound from one or two sources of known location, and that 
sound-ranging involves the location of a source by acoustic triangulation. 
Both of these procedures involve the measurement of travel times and 
have therefore no direct parallel in geoacoustic work with presc^ut equip- 
ment. A related seismic application is the determination of crookedness of 
drill holes by measuring the travel time from surfac<‘ shot ])()ints to a phone 
located in the hole (see page 863) . Geoacoustic triangulation is possible 
only by an application of direction-finding methods discussed in th(^ next 
paragraph. 

6. Direction-finding^ noise-detectio7i. These methods are applied in mine 
rescue, mine safety, and mine surveying work for locating entombed miners, 
detecting and locating underground fires, determining the approach of 
tunnels and drifts and bringing together raises and stupes (tli<;r(d:)y pre- 

W. r. Ackley and 0. M. Ralph, U. S. Bur. Mines Rep. Invest., Ser. No. 2639, 
Sept., 1924. 
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venting accidents in blasting through), and locating and measuring the 
drift of boreholes sunk from the surface vidth the intention of reaching a 
definite point of the subsurface workings. Military application includes 
the detection and location of enemy galleries in trench warfare and the 
surveillance of underground sapping activities for escaping enemy blasts 
and directing counterblasts. 

In the latter application, the object of acoustic observations is to de- 
tect, identify, and locate mining operations by the noise of mining tools 
such as hammers, picks, drills, shovels, and other machinery. Sounds 
transmitted by mining tools are characteristic and permit definite identi- 
fication, despite the distortion occurring in. the intervening media and an 
undamped tuned receiver. Underground fires are identified by a typical 
hissing sound produced by air drafts, by cracking of timber, and by the 
fall of rock from the mine roof. 

Civil engineering application of geoacoustic methods includes the loca- 
tion of pipes and pipe leaks. Water, gas, and oil pipes can often be found 
by the typical noise of the gas or liquid passing through them, that is, by 
the vibration set up in the pipe, although the use of an electromagnetic 
detector (see page 819) is preferable if the pipe itself is to be located. Leaks 
in water pipes can be found by the noise of the water impinging on sand, 
gravel, or rock in tlie cavity surrounding the leak, and by the vibration 
produced in tlici pipe by the water ksuing from the leak. 

Geoacoustie direction- finding makes use of the binaural effect discussed 
on page 938. Two geophoin^s are shifted in position until a line connecting 
them is at right angles to the direction of the sound. The phones may 
also be \ised in fixed position, when they are provided with a compensator 
to detennine direction hy adj listing the phase difference. In application of 
the first method, the two phones are first set out with their base approxi- 
mately at right angles to the direction of sound. One phone is left sta- 
tionary and the other is moved toward the sound source so that the sound 
appears to come from the right. Then this phone is moved back in the 
opposite direction from the base line until the sound appears to come from 
the left. In this manner an intermediate position can be established in 
which the sound comes from neither the left nor the right. A source 
is then located by making direction deteiminations at a number of points 
and by finding the intersection of the rays. Pipe leaks are usually not 
located by direction-finding hut by following the course of the pipe and by 
observing changes in sound intensity. The location of a leak is indicated 
by the point of maximum inteiisit,y. This point may be considerably re- 
moved from the surface evidence of the leak, since the liquid issuing from 


Leigh. ton, loc. cit. 
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it may travel along the pipe or follow subsurface cavities of an unpredict- 
able course. N oi$e measurements for the detection of leaks should be made 
in the early morning hours when traffic is at a minimum. 

Another method- of leak detection developed by the Western Instrument 
Company requires contact between the pipe and a probe carrying a crystal 
pickup at its end. The pickup is oriented in two directions, one parallel 
with , and the other at right angles to, the pipe. Intensity of vibration is 
measured in both directions and also as a function of frequency if neces- 
sary. It is claimed that the ratio of longitudinal to transverse vibration 
intensity shows significant variations when a leak is approached. 

Geoacoustic direction-finding is not so reliable nor is it applicable at 
such, great distances as marine-acoustic methods. Transmission is limited, 
not only in range but in direction as well, by rapid changes in the elastic 
wave speeds, particularly near the earth^s surface. When underground 
workings are situated in a district of complex geology, it may be quite 
difficult to establish consistent directions from geoacoustic observations. 

7. Tmnmusion measurements. Occasionally, valuable information may 
be obtained in underground mining operations from the location of faults, 
fissures, shear zones, clay seams, and the like. This may be done by pro- 
ducing sounds at a given location and observing the intensity of reception 
at a number of points so arranged in adjacent drifts, tunnels, or shafts 
that the presence and approximate disposition of sound-absorbing media 
may be determined. With electrical geophones, direct measurements of 
intensity may be made by the use of a calibrated amplifier with output 
meter.^^^ Indirect measurements of intensity may be made by swinging a 
hammer through a predetermined arc in a mechanism especially made for 
this purpose. By gradually reducing the arc, the minimum transmission 
intensity necessary to produce an audible signal is obtained. As a rule, 
however, quantitative intensity measurements are not made, and the 
presence or absence of sound-absorbing media is ascertained by merely 
noting at which points the sound reception is poor or entirely absent/^* 

8. Geoacoustic-reflection methods. Reflection of sound waves in the 
ground is determined (1) by noting the direction of the return ray, and 
(2) by measuring the time interval between the initiation of a sound im- 
pulse and the arrival of the echo. 

Distance of reflecting surfaces has been measured und(Ugrouiid In' ad- 
justing the position of two geophones in a vertical plane for (K}ual n'cep- 
tion. This is not possible at the earth’s surface, and it is necessary to use 
a compensator to establish the direction of the return ray. Attempts have 

K suitable instrument (sound-level moter) is mfiiuifactured 1)3^ the Geueral 
llaciio ('ompaiiy, Cambridge, Massachusetts. 

Leighton, loc. cit. 
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been made to locate ground-water levels- and. ti^oek;;, surfaces in this 
manner, but they have not been wholly successful- is because the 
sound rays may be diverted in a quite unpredictaSlfe';, Intoner by the in- 
tervention of different formations. This is -particulaf^' true of the near- 
surface weathered layer which deflects the return ray lplo an almost verti- 
cal direction, thus virtually obliterating an5tsignifit5ant variations in the 
direction of the reflected,, ray. A measurenjent of reflection travel time 
would undoubtedly obviate the difficulties mentioned, since it is then pos- 
sible to correct for the low-velocity surface layer. :i 
Unquestionably one of the reasons for thelaclc,bf progress in geoacoustic- 
reflectioE methods is the superiority of explosion-generated impulses as 
used in seismic reflection procedure over audio-frequency impulses. As 
far as principle is concerned, there is, ofcourse, very little difference be- 
tween acoustic echo-sounding and seisfoic-reflection methods. The dif- 
ference is primarily one of frequency.. As a matter of fact, the. use of 
low-frequency sustained Oscillations applied in dynamic soil testing) 
has been proposed for the location of aiallow formations, since the seismic-, 
reflection method, at present, cannol^e used successfully for that purpose. 
In practice, this limitation is not t(^ serious, inasmuch as shallow forma- 
tions may be readily mapped b,y t^e seismic-refraction method. 
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A-Utomobile, magnetic effect of, 373 
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Average velocity (see Seismic waves, 
velocity of) 
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density of 78 
susceptibility of 310 
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Balance: 
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magnetic - (see Magnetometer) 
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vertical gravi ty gradient -, ISO -192 
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359, 360, 361, 363, 893, 894 
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Balloon, 19, 407,408 
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dielectric constant of -, 666 

Barometer, 119, 123 

Barometric method of measuring grav- 
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heat conductivity of 849 
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Beryl, density of, 80 
Beta rays and radiation, 871-873, 881, 882 
Bicarbonates, 901, 903 
Bicycle, magnetic effect of, 373 
Biel er -Watson coil and method, 626, 
779, 783, 784, 804, 806 
Bifilar suspension, 11, 128, 130, 131, 195 
Binaural effect, 938, 942, 947, 951, 961 
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Bismuth, density of, 77 
Bismut hinite, density of, 77 
Black sands, 5, 49, 51, 318, 416 
Blasting caps, 20, 487-489 , 494-496, 571 
Blasting vibrations {see Vibrations, 
blasting) 

Blastophoiie, 503 
Blueground, 56, 419 
Bodily tides, 163, 164, 929 
Boiling point, 847, 891, 892 
Booneville dam, 435 
Borax, density of, 79 
Borda equation, 117 
Bore holes (see Wells) 
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resistivity of - 657 
Bouguer anomalies, 142 
Bouguer reduction, 11, 136, 137, 141, 142, 
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Boulder Dam, 63 

Boundaries of formations (see Formation 
boundaries) 
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density of -, 79 
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inagnetic effect of -, 373 
strains in 928, 939, 933 
vibrations of-, 441, 912, 915 
Brine, 61, 867, 886 
Broadcast weaves (see Badio waves) 
Broca tube, 947, 957 
Brown iron {see Liraonite) 

Brown pendulum, 109, 110, 112 
Brucite, density of, 78 
Brunton compass, 352 
Building materials, 54 
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magnetic effect of 374 

resonance of 918, 919 

vibrations of ~, 6, 9, 441, 911-913, 915, 
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Bulk density, 74, 75, 77 
Bulk modulus, 446 
Buoyancy, 72, 118, 133 
Buoys, 949, 950 



968 


SUBJECT INDEX 


Buried ridges or Mils, 5, 8, 18, 45, 47, 
70, 161, 283, 284, 296, 422, 429, 430 
Butane, 888-891, 896, 903 
Buzzer, 765, 774, 775, 819 
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Cables, electrical effects of, 701, 702, 
766, 769, 771, 772, 776, 777, 791- 
793, 796 
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density of -, 8 
dielectric constant of -, 666 
elastic moduli of -, 467 
lieat conductivity of 848 
resistivity of 658 
specific heat of 848 
Calculation charts and forms: 

- for magnetometer, 333, 339, 405 

- for pendulum, 106, 123 
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-in electrical prospecting, 726, 727, 
730-733, 769, 794, 795, 894 
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- of electroscopes, 879, 880 

- of gravimeters, 133, 134, 135 

- of magnetometers, 329-332, 338, 348, 
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- of pendulums, 118-122 

- of seismographs, 615-618 
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Calomel, density of, 77 
Calorimetric methods, 848 

Camera recording and recorders, 20, 21, 
no, 111, 332, 366, 593, 552-554, 
556, 599, 608, 611, 614, 616, 617, 
828, 912, 940, 941, 943, 950, 954, 956 
Canal rays, 871, 898 
Canals, 57, 58 

Capacitive detectors (see Seismographs) 
Capacitive strain gauges (see llltrami- 
crometer) 

Capacity, bearing (see Bearing capacity) 
Capillarity, 744 
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density of -, 84 

detail geophysical work on 501 
gravity anomalies on 158, 274-283 
magnetic anomalies on 423 
sulfur in 53 
Carbon : 

- di oxi d(3, 894-901 

- microphone, 613, 937, 948, 960 
' seismometer, 613 

- strain gauge, 930, 931 
C'arbonates, resistivity of, 658 

( -arboniferous formation, 53, 421, 439, 
479, 473, 736 

C’ardan suspension, 102, 103, IK), 333, 
352, 353 

(Wdan suspension magnetomoter, 333, 
352, 353 

Carnallite, density of, 79 
Cartographic correction, 226,. 227 


Casing depth, 836 
Cassiterite : 
density of 77 
dielectric constant of 666 
susceptibility of 319 
Cathode-ray oscillograph (see Oscillo- 
graph) 

Cathodic protection, 63, 372 
Cavendish torsion balance, 85, 175 
Caverns: 

location of 815, 816 
magnetic anomalies in 376 
Caving (see Mine caving) 

Cavities, in shot holes, 489, 503 
Cement and cementing, 34, 858-860 
Cement rocks, 51, 54 
Cenco pump, 899 

Centrifugal force, 89, 92, 93-96, 123, 919- 
921 

Centrifugal pump, 20, 491, 492 
Chaleocite : 
density of 78 
resistivity of -, 659 
Chalcopyrite: 
density of 78 

- ore, 704, 804 
resistivity of 657, 659 
susceptibility of 310 

Chalk: 

density of 84 

- deposits, 54 

dielectric constant of 666, 667 
longitudinal wave velocity of 471 
specific heat of 848 
Chamber, ionization (see Ionization 
chamber) 

Channels, erosional (see Placer deposits) 
Chanute shale, 83 
Chazy shale, 84 
Chemistry: 

- of hydrocarbons, 888-891 

- of solutions, 628-639 
Cherokee shale, 83 
Chert, 52, 289 
Chlorite, density of, 80 
Chloritic slate: 

density of-, 81 
elastic moduli of 4G7 
Chromite ; 
density of 78 

- deposits, 50, 52 

magnetic anomalies of 418, 422 
resistivity of 659 
susceptibility of 310 
Chromium, 73 
Chronograph, 113, 114, 950 
Chronometer, 10, 103, 104, 107, 113, 
116, 117 

- correction, 1 16, 117 
Chrysocolla, density of, 78 
Cinnabar : 

density of 77 
resistivity of -, 657 
Circulation of drilling fluid, 856, 857 



SUBJECT INDEX 


969 


Clairaut's theorem, 89, 90-96, 136, 190 
Clay: 

density of 74-76, 82 

- deposits, 54 

dielectric constant of 666, 667 
heat conductivity of 849 
longitudinal wave velocity of 469 
resistivity of 637, 658, 661, 664 
specific heat of 848 
susceptibility of 312 
Coal: 

density of 79 
“ deposits, 51, 53, 287, 740, 886 
heat conductivity of 848 
resistivity of -, 658 
specific heat of -, 848 
susceptibility of 312 
Coal removal, effect on gravity, 167 
Coast : 

- effect on gravity, 166, 241, 242 

- effect on gravity gradient, 241, 242 
Cobaltbloom, density of, 78 
Cobaltite, density of, 77 

Cobalt ore, 52 

spontaneous polarization of 668 
Coefficients (see also Constants): 
absorption -, 480, 481, 652, 845, 936, 
944, 958 

anisotropy 700, 852 
attenuation - (see absorption -) 
curvature 173, 174 
dilation 443-445 
dissipation-, 483 
expansion ~, 327, 328, 337, 338 
instrument-, 178-189, 192-198 
Lamd-, 445-448 
mass-absorption 873, 881 
Poiseuille -, 481-483, 936 
reflection -, 478, 712 
stiffness - {see Constant, spring -) 
temperature, 118, 133, 196,197,327,328, 
331, 338, 367 
terrain -, 217-225 

torsion 85, 88, 130, 131, 177, 178, 
185, 193-199, 353, 598-600 
viscosity - (seo Poiseuille -) 

Coercive force, 307, 309, 315, 316, 401 
Coil: 

Helmholtz 330,331, 338,363, 366,403 
reception 30, 31), 763, 765, 773,776, 
778-786, S07, 819-822, 824 
Coincidence: 

- interval, 103-1 Of), 108, 117-119, 121, 

122, 135 

-- method, 10, 103-108 
stroboscopic -, 104, 105, 106 
Colorimetric analysis, 901 
Colpitt oscillator, 931 
Combustion of hydrocarbons, 895-896 
Comnuinieation: 

acoustic - 63, 935, 1)39, 946, 949, 960 
radio 114, 115, 496, 503, 555, 809 
wire 494, 495, '504,^555, 556 


Commutator, 29, 304, 644, 723, 724, 826, 
827 953 

Compaction, 75, 76, 915, 921, 922 
Compander, 552, 554 
Comparator : 

electrical - (see Rati ome ter) 
optical 99 
Compass : 

American mining 346 

dial 17, 346, 403 

dipping - (Louis), 346 

Swedish mining-, 17,319, 320 , 345, 346 

- variometer, 365, 376 

Wilson compass attachment, 352 
Compensation : 
acoustic - {see Compensator) 
electrical - (see Compensator) 

- inductor, 363 
Compensator: 

acoustic 938, 939, 942, 949, 949, 951, 
952, 961 

electrical 28 , 30, 40, 624-626, 648, 

695, 696, 726, 758, 760, 765, 766, 
779, 781-785 
gravity- 87, 88 
magnetic 301 , 348, 350, 351 

Compressibility, 446, 457, 458, 467, 468 
tests of -, 457, 458 
Compression, 442, 443 
Compression (= flattening), 95 
Compressional wave, 448 
Concentration: 

- of currents (see Current concentra- 

tion) 

- of gases, 884, 885, 903, 905-907, 909 

- of magnetic materials, 297 , 318, 416 
mechanical concentration deposits, 49, 

51, 297, 318, 416 

- potential {see Diffusion potential) 

- of radioactive materials, 864, 870, 

875, 885 

Condenser microphone, 552, 610-612, 948 
Condenser-microphone strain gauge, 456, 
931, 932 
Conduction : 
dielectric -, 26, 640, 641 
electrolytic 26, 633-640 
electronic - (metallic), 26, 632-634 
Conductiv'o surface hivers, 652, 702, 743, 
805, 809 

Conductivity, dcctrical {sec aho Hr- 
sistivity), 26, 28, 622, 628, 631, 
632-637, 639, 640, 641, 649, 650, 
652, 655, 656, 685, G88, 707, 708, 
721, 727-730 , 741, 74:3, 791, 796- 
800, 811 

apparent 721, 727-730, 800 
Oondiictivity, heat (see Thermal con- 
ductivity) 

Conglomerate: 
density of 83 
gold -, 49, 419 
resistivity of-, 662 
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Constaat: 

attenuation- (see Coefficients, absorp- 
tion) 

dissipation 485 

gravitational 86, 86, 87, 139, 149, 
393-895, 797 

instmment -, 178-179, 192-198 
spring 99, lOO, 124, 449, 581, 582, 
591, 695, 920 

Construction materials, location of, 54, 
58, 60, 434, 435 

Contact metamorpMsm and contact 
metamorpMc zones, 4, 6, 16, 50, 
51, 297, 317, 318, 385, 412, 414, 417 
Contact resistance, 642, 643, 753 
Contacts, formation - (see Formation 
boundaries and Faults) 
Continuous profiling, 25, 570 
Contrasts of rock properties on formation 
boundaries (see Formation bound- 
aries) 

Convergence recorder, 928-930, 933 
Copper : 
arsenic 803 

damping resistance of 482 
density of -, 77 

- deposits, 50, 51, 52, 70, 73, 74 
resistivity of 659 

- sulfate, 630, 667, 701 
Corona (see Halo) 

Core : 

- analysis, 835 

- orientation, magnetic, 35, 685, 866 
Coring : 

electrical 8, 28, 33, 34, 41, 44, 45, 
623, 625, 744, 825-840, 843 
mechanical 47 
Corrections; 

amplitude -, 10, 98, 99, 117, 118 
auxiliary magnet -, 330, 333, 338, 339 
base -, 17, 332, 338, 339, 372, 373 
Bonguer -, 11, 136, 137, 141, 147 
buoyancy 118 
cartographic -, 226, 227 
chronometer-, 116, 117 
coast effect 241, 242 
diurnal variation ~, 18, 162, 367-372 
drift 135 

elevation -, 11, 25, 136-137, 375, 509, 
572, 578 

flexure 19, 119-122 
frec-air 11, 136, 137 

- for normal values, 11, 14, 18, 141, 

210-212, 377 

planetary -(latitude) 11, 14, 18, 94- 
97, Ul, 210, 212, 375, 376 
regional 141, 160, 162, 240, 211, 
246, 251, 377 
Hpi*ead 23, 558-560 
teniperaturc 10, 17, 118, 133, 134, 
196, 197,327, 328, 331, 337, 366, 367 
tc'rritiu 11, 14, 71, 137-140, 169, 213- 
240, 375, 376 


Corrections (cant’d): 
topographic - (see Terrain and Eleva- 
tion correction) 

- for variation in air pressure, 10, 

118, 133 

- for variation sin gravity, 162, 166, 326 

- for vertical intensity variations, 336, 

337 

weathering -, 24, 548-549, 569, 571, 
572, 576 
Correlation : 

- of depth temperature curves, 34 

- of electrical logs, 33, 825, 836, 837 

- of resistivity profiles, 736, 738 
-shooting, 25, 570, 578, 579 

Corrosion, 6, 26, 38, 41, 42, 63, 372, 624, 
631, 667, 658, 676, 679-681, 752, 
754, 755 

Corundum, density of, 79 
Cost of geophysical work, 5, 47, 48 
Coulomb^ s balance, 303 
Coulomb^ s friction, 582, 583 
Coulomb's law, 16, 145, 293 
Covellite: 
density of -, 78 
resistivity of -, 657 
Cretaceous formations: 
specific acoustic resistance of 479 
vertical velocities in 473 
Crevices (see Faults and Fissures) 
Critical : 

- angle, 505, 519, 522-535, 538, 539, 

541, 542, 545, 547, 557 
-damping (see Damping, critical) 
Crocoite, density of, 77 
Crooked holes, 862, 863, 950 
Cryolite, density of, 78 
Crystalline rocks (see Igneous rocks and 
Basement rocks) 

Cuprite, density of, 77 
Curie : 

- point, 317 

- unit, 873 

Curie - Ch^n^veau balance, 303 
Current: 

alternating - (see Alternating current) 

- concentration, 31, 32, 766, 767, 769, 

799 , 791, 801 

- density, 26, 630, 633, 640, 673, 674, 

683, 685, 697-699, 767-769 
direct - (see Direct current) 

- linos, 681-684 

natural - (see Bpontanoous potential) 
Curvatures : 

- of interference fringes, 460 

-of niveau surfaces of gravity, 12-15, 
167, 160, 170-172, 174, 176, 190, 
191, 210-212, 247 

Curvature values, 12-15, 166, 168-170, 
172, 174-178, 184, 186, 187, 189, 
199, 193-195, 198-208, 203-213, 215- 
217, 219, 229, 222-225, 228-231, 233, 
235-238, 242-248, 251-270, 273, 276, 
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Curyature values (coni' d) : 

277, 280, 284, 286-289, 291, 292, 
394-396, 400 

graphical representation of 244-250 
integration of 39, 168, 159 
Curvature variometer; 

- Brillouin, 292 

- Eotvos, 13, 14, 175, 176, 178, 193 
Curved-ray method, 23, 540-546, 560 
Cuynna formation, Wis., 415 
Cyclodiolefins, 889 
Cycloolefins, 889 
Cycloparafifins, 889 

Cyclotron, 354, 355 
Cylinder; 

gravity attraction of 146-150 
magnetic anomalies of 392, 396 
torsion balance anomalies of -, 258, 
259, 261 

D 

Dacian formation, 835, 837 
Dacite, density of, 81 
Dahlblom : 

- magnetometer, 348, 352 

- sine arm, 349, 352 
Dam: 

- investigations, 6, 57, 58, 435, 441, 

624, 733, 734, 741, 742, 928, 930 

- sites, 8, 57, 58, 60, 435, 928, 930 
Damping; 

air ”, 583 
antenna- 815 

- constant, 481, 584 

critical -, 584, 585, 587, 588, 590, 603, 
604, 605, 606 

determination of 481, 616, 617, 
921 

electromagnetic 584 
” of electromagnetic waves, 649, 685, 
811 

- factor, 586 

- of ground, 911 , 921 
oil -, 583 

- ratio, 585, 586, 588 

relative 481, 482, 586-599^ 602, 606, 
607, 921 

- resistance, 482, 584 

- rocks, 481, 482, 483 

- of structures, 36, 911, 912, 918, 

919 

d’Arcy’s law, 004 

I)arloy pipe locator, 765, 818, 819 

Decibel, 480 

Declination, magnetic, 39, 40, 295, 355, 
355, 361 

Declinator, 356, 357 
Do Collongiic deflector, 349 , 351 
Decomposition Disintegration) 
Deep; 

- sea seidiments, 874, 875 

- wells, 840, 841, 845, 862, 863, 866, 

867, 868 


Deflection : 

- of galvanometer, 304-307, 598-601, 

644 

- of gravimeter, 124, 128-131, 133 

- of magnetometer, 300, 301, 303, 306, 

321, 323, 326, 335, 336, 340, 344, 
345, 348-351, 353, 356, 357, 364, 365 

- of pendulum, 97-lto, 581 

- of rock specimen, 459, 451 

- of seismograph, 581-588, 591, 593- 

596, 616 

sine method of 349, 364, 365 
tangent methods of -, 349, 365 

- of torsion balance, 177, 178 

- of the vertical (plumb-line devi- 

ation), 70, 167-170 

Deflectometer (see also Strain gauges), 
454-456 

Deflector, de Collongue (see also Magnet 
and Compensator), 351 
Deformation, elastic, 441-449 
Del Rio formation, 285 
Demagnetizing; 

- effect of A.C. fields, 328, 372, 373 

- factor, 306, 390, 393, 395, 401, 402 

- influence of disintegration, 318 

- influence of gaps, 315 
Density, 4, 10, 15, 16, 67 

bulk 74, 75, 77 

- change with depth, 75, 76 

- of combustible minerals, 79 
determination of -, 70-72 

buoyancy method, 72 
flotation method, 72 
pyknometer method, 71 
by weighing, 71 
factors affecting 72-77 

- of igneous rocks, 73, 80, 81 

- of metallic minerals, 77-79 

- of metamorphic rocks, 81 

- of miscellaneous materials, 79 
mineral 74 

natural -, 76, 77 

- of ore bodies, 73 

- of rocks, 70 

- of sedimentary rocks, 82-84 
Deposits, mineral, 49-51 
Depth: 

- of burial, 74-76, 474-476 

- calculations and determinations, 7, 

11, 15, 19, 22, 23, 25, 26, 28, 29, 
31, 32, 143, 144, 148-157, 251-270, 
382, 384, 387, 407, 408, 439, 504, 
508-515, 524, 525, 529-533, 538, 542, 
544-548, 560, 572, 576-579,671, 673, 
728-734, 747, 754, 756, 766, 767, 
790, 793, 794, 799, 807, 312, 818, 
835, 837, 856, 867, 885, 905, 1)25, 
951-956, 963 

- control, 8, 67, 293, 437, 621, 671, 708 

- of crystallization, effect on elastic 

properties, 474 
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Depth, (cont^d): 

- penetration, of curved ray, 542“545 

- penetration of electrical energy, 619, 

621, 625, 627, 683-686, 708, 736, 
761, 763, 765, 773, 806, 809, 811, 
812, 815, 816, 819, 824 
variation of seismic and sound velocity 
{see Vertical variation of seismic 
and sound velocity) 

Derricks, magnetic effects of, 375, 425 
Detection coil {see Coil, reception) 
Detector (see also Seismograph and 
Microphone): 

capacitive -, 20, 593, 610-612, 932, 948 
electromagnetic 593-597, 609, 612, 
862, 912, 917, 937, 940, 942, 948, 951 
gas 35, 36, 868, 887, 892-898 
inductive -, 20, 593-595, 597, 609-612, 
912, 917, 937, 940, 942, 948, 951 
magnetostriction, 948, 955, 956 
piezoelectric (crystal) 20, 463, 593, 
613, 937, 948, 949, 953, 960 
reluctance -, 20, 595-597, 610, 611, 
862, 937, 953-955 

seismic -, 20-22, 35, 503, 505, 551, 552, 
554, 556, 556, 593-597, 609-613, 
862, 912, 917 
thermal 58, 59 
Detrusion meter, 454, 460 
Devonian, 735, 736, 772, 885 
apparent resistivity on Devonian an- 
ticline, 736 

vertical velocities in 473 
Dewar flask, 900 
Diabase: 

coercive force and remanent magneti- 
zation of -, 308, 309, 316 
density of 73, 81 
elastic moduli of -, 467 
magnetic effects of 414, 417 
radioactivity of -, 874 
resistivity of 6to, 661 
susceptibility of 308, 309, 313, 314 ^ 
Diagrams, interpretation - {see Graphi- 
cal interpretation) 

Diagrams, wave front (see Wave front) 
Diamagnetism, 7, 299, 423 
Diamond, 50, 52, 56 
density of 80 

Diatomaceous earth, 55, 74, 537 
Dielectric constant: 
apparent 640, 641, 666, 667 
determination of 649-656 
phase shift method, 651 
polarization measurements, 651-656 
resonance method, 649-650 
substitution method, 650, 651 
• of minerals, 665-666 

- of rocks and formations, 666, 667 
true 622, 631, 633, 665, 666, 667, 811, 

S12, 813 

Dielectric current conduction, 632, 640 
lOiffenuices, niothod of, 23, 548, 549, 
572, 576 


Diffusion (of gases), 884, 887, 905, 906 
Diffusion potential, 33, 524, 630, 631, 
831-833 

Diffusivity, thermal (see rhermal diffu- 
sivity) 

Dikes, 29, 45, 46, 70, 151-153, 259, 261- 
264, 385, 396, 398, 399, 401, 402, 
411, 414, 417-419, 422, 433, 750- 
752, 865, 870 
Dilation, 442, 443 

Diluvial sands, longitudinal wave velo- 
city of 469 
Diolefins, 889 
Diorite: 

coercive force and remanent magneti- 
zation of -, 316 
density of -, 80 
dielectric constant of 666 
elastic moduli of -, 467 
radioactivity of -, 874 
resistivity of -, 660 
susceptibility of 313 
Dip, apparent, 525, 526, 567 
Dip determination, and effect of dip: 

- on apparent resistivity, 722, 734, 

735, 739, 740 

- on electromagnetic field, 763, 767, 

771, 772, 790, 791, 794, 800-803, 805 

- oa equipotential-line anomalies, 701, 

706 

- on geothermal data, 852, 853 

- on gravity, 153, 162 

- on magnetic anomalies, 384-386, 388, 

398, 399, 403, 410, 411, 412, 419, 420 

- on potential ratio, 748-751, 754 

- on reflection travel times, 563-571, 

579 

- on refraction travel tinxes, 502, 504, 

521-536, 538-539, 546, 547 

- on spontaneous potential, 671, 674, 

675 

- on torsion balance, 251, 252, 261-263, 

288, 290 

- in wells, 834, 865 

Dip, magnetic (see Inclination) 

Dip needle, 17, 345, 346, 347, 356-358, 
403, 413, 415, 422, 436 
Dip shooting, 25, 567, 568, 570, 571, 579 
Dipping needle, 345, 346 
Direct current, 25, 403, 600, 601, 617, 619, 
624, 631, 633, 642-645, 681, 685, 
692, 723, 725, 758, 827 
Directional transmission, 937, 945 
Direction finding, 36, 37, 64, 938, 63, 
941, 942, 951, 960-962 
Dirigibles, 813 
Disintcp’ation, 16, 318, 478 
Dispersion, seismic (see Seismic waves, 
dispersion of) 

Dispersion of electroscope, 876-881 
Displacemc3nt current, 640, 641, 649, 
685,686,811 

Displacement recorders {see Strain 
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JDisplacements of rocks, 928-930, 933 
Disseminations, 152, 623, 628, 632, 659, 
660, 677, 705, 802 

Dissipation of seismic energy, 481, 482, 
483 

Dissociation, 633, 637 
Disturbance vector {see Vector, anom- 
alous) 

Diurnal variation: 

- of gravity fold, 163, 164 

- of magnetic field, 41, 42, 331, 366. 

367-371 

Divining rod, 3 
Dolerite : 
density of 76 
radioactivity of -,874 
susceptibility of -, 314 
Dolomite : 
density of -, 80, 84 
dielectric constant of 665 
radioactivity of 875 
specific heat of -, 848 
susceptibility of 310, 312 
Domes (see Anticlines) 

Doublet, electrical, 672, 673, 697, 722, 
723, 810 

magnetic 19, 384, 387, 778 
Drain pipes, magnetic effect of, 374 
Drill casing: 

magnetic effect of 374, 375 
plastic -, 491 
Drill holes (see Wells) 

Drill rigs, 499, 491, 842 
Drill rods, magnetization of, 317 
Drill, rotary, 20, 490, 491, 842, 899 
Drilling mud and drilling fluid, 827- 
835, 857 

Dynamic magnification (see Magnifica- 
tion, dynamic) 

Dynamic response (see Erequency re- 
sponse) 

Dynamic testing: 

- of rock spool men, 460-464 

- of soils, 9, 36, 58, 62, 911, 914-928 

- of structures, 9, 58, 62, 911, 914-928 
l)y namit{^ ; 

- charges, placement of, 489 , 490, 550, 

551, 569-571 
consistency of 486 
cost of 486 
density of 485 
freezing resistance ef 480 
i nflanirnability of 487 
kinds of -, 484-485 
■- magazines, 487 

propagation effectiveness of 485 
rate of detonation of 485-486 
safety of 486, 487 

- as source of seismic energy, 7, 20, 

484 

Dynamo-mctamorphic: 

- deposits, 41, 42, 49, 414 

- effects, 317, 475, 476 


E 

Eagleford formation, 285 
Ear, sensitivity of 937 
Earth: 

figure of 89, 95-97, 169 
gravity field of - (see Gravity field) 
magnetic field of - {see also Total in- 
tensity, Vertical intensity, and 
Horizontal intensity), 16, 19, 293, 
295, 296, 299, 301, 303, 307, 309, 
316, 317, 320 
mass of 87, 90 
rotational velocity of -, 89 
Earth currents, 372 

Earth inductor, 40, 358-363, 356, 403, 856 
Earth inductor compass, 363, 866 
Earth magnetism, elements of, 296 
Earthquakes, 3, 63, 317, 440 
damages of -, 9, 910, 912, 913, 918 

- vibrations, 36, 910, 912, 913, 918 

- waves (see also Seismic Waves) 

450-462 

Echo, depth sounding, (see Echo sound- 

Ecliometer, 867, 936, 942, 943, 954 
Echo sounding, 9, 36, 37, 41, 59, 63, 64, 
942, 943, 945, 946, 947, 950-957 
Eclogite, density of, 81 
Edwards limestone, Texas, 285 
Effusion, 905 
Elastic : 

- coefficients, 443, 445, 446 

- constants (see - moduli) 

“ deformations, 441-449 

- moduli, 442-446, 911, 926 , 927 
complex 482, 483 

- of formations in place, 911, 926, 927 
laboratory determinations of 

452-464 

- of minerals, 457 

- of rocks, 467 

- units and conversion, 452-454 

variation \rith pressure, 474, 934 

- properties, factors affecting, 474-477 

- waves (see Seismic waves) 

Elasticity : 

factors affecting -, 474-477 
-of rocks, 4, 452-473 
theory of 442-448 
Electric (al): 

-anisotropy Anisotro{)y, dectriiO 

- conductivity (see Ck)iidii(;tivity ) 

- field, 7, 25, 25, 30, 619, 621, 522,633, 
640, 641, 652-654, 671-673, 681-692, 
694, 697-699, 810-813, 815--81S 
A. C., 685-692 

horizontal compoiioiit of - , 652-654 
noriual 682, 6S3, 693, 694 
potential of -- (sf^c Potential, elec- 
tric) 

quadratuiu! (‘•()mi)ouent of - , 687, 
690, 695 , 606 
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Electric (al) (^conV d) : 

stationary and quasistationary 
681-684: 

vertical component of 652-654 

- logging, 8, 28, 33, 34, 41, 44, 45, 623, 

625, 744, 825-840, 843 
detection of water flows by 834 
dip de terminations by 834, 836 
electrode arrangements in -, 826, 827 
resistance and impedance measure- 
ments in 825-831 
spontaneous potential (porosity) 
measurements in -, 831-833 

- metkods, 25, 50, 51, 52, 54, 619-624 
classification of 624-628 
fundamentals of 619-624 
operation of, 670-671, 692-695, 708, 

723-726, 754,764, 774, 779, 786, 793, 
803, 806 

- prospecting {see Electrical methods) 

- seismographs, 20, 551, 552, 592-597, 

601-607, 609-613, 912, 917, 932 

- surveys, 675-681, 703-706, 735-744, 

755-757, 761, 771-773, 801-808 

- transients (see Eltran arid Transients, 

electric) 

Electrochemical: 

- method, 761-763 

- phenomena, 622, 624, 628-633, 637, 

539, 667, 668, 679, 680, 757, 761, 
762, 831-833 
Electrode: 

- arrangements, 709-711, 715, 745, 747, 

752, 826, 827 

- basis, 683, 711, 745, 754 

- clamps, 642, 643 
current - {see power -) 
energizing electrode {see power -) 
expanding electrode system, 747- 

749, 754 

line -, 27, 30, 624, 693, 694, 764 
mercury -, 643 

iionpolarizable -, 26, 629, 630, 669, 670, 
692, 725, 758, 763, 827 
point 27, 30, 624, 682, 683, 764 
polarization of 630, 669, 675 
porous pot ~ {see nonpolarizable -) 
potential - {see search -) 
power 27, 30, 682, 683, 692-694, 707, 
708, 709-711, 745, 751, 752, 754, 
758, 762, 764, 773, 826, 827 
primary - {see power-) 
resistance, 642, 643, 753, 827 
search -, 619, 625, 670, 671, 678, 692- 
696, 701, 707-716, 745-749 
secondary - (see search -) 
self-watering 695 

- spacing, 670, 671, 694, 695, 708, 716, 

718, 721, 726-732, 735, 736, 745- 
749, 758, 763, 765, 773, 826-830, 
834 

lOlcctrofiltration, potential, 33, 624, 631, 
668, 831-833 

roly tic phenomena, 629, 632, 633, 
037, 757, 831-833 


Electromagnetic field, 7, 25, 30, 621, 
622, 625, 626, 642, 763-807, 815- 
819, 821 

absorption of - 685, 792, 811-813, 815, 
816 

horizontal components of 30-32, 
765-773, 776-778, 784, 785, 787- 

796, 800-807, 810 

in-phase components of 30-32, 622, 
625, 626, 6.95, 696, 764, 765, 769, 
779, 782-785, 787, 788, 792-794, 796, 

797, 800-804 

- of loops, 776-779 

- of ore bodies, 770-772, 787, 789, 790, 

791, 800-805, 807, 808 
out-of'phase component of - (see 
quadrature components of -) 
phase differences of -, 30, 31, 769, 779, 
783-789, 791, 793 

polarization of 764, 778, 779, 783, 

784, 786-789, 807, 818 
quadrature components of -, 30-32, 

622, 625, 626, 764, 769, 779, 782- 

785, 787-789, 792-794, 796, 797, 
800-805 

ratios of -, 30, 31, 622, 764, 785, 786, 
803, 804 

vertical components of 30-32, 765- 
773, 776-779, 784, 785, 787-789, 
791-794, 796-803, 807 
Electromagnetic methods, 25, 55, 619, 
621-623, 625, 626, 690, 763-809 
Ambronn's method, 625 
Bieier-Watson method, 626,783-785,806 
depth range, 763 
Elbof method, 626, 771 
galvanic 7 , 8, 25, 30, 31, 32, 39, 

764-773 

horizontal loop methods, 774-805 
inductive 5, 7, 8, 25, 26, 31, 32, 39, 
45, 61, 621-623, 625, 026, 773-809 
Mason method, 626, 806 
Uadi ore method, 626, 648, 806-809 
ring induction method, 626, 648, 
782, 796 

Sundbc3rg method, 626, 701-796 
Lundberg-Sundberg method, 625, 771, 
779 

Muller method, 626, 772 
vortical loop methods, 626, 805-809 
Eloctromagiiotic radiation, 651, 652, 
810-812, 871-873 
Electrometer, 876-881, 898 
Electrons, 353-355, 871-873, 882 
Electrosco])c, 876-881, 898 
Elements: 

- of earth’s magiudie fa<4(l, 293, 295 
r(isistivit.ies of- 657, 658 

Elevation correction (,see Corrciction, 
elevation) 

Elinvar, 10, 113 

Ellipse, 653-655, 687-693, 764, 766, 772, 
778, 779, 783, 784, 786, 788, 789, 
818 
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Ellipsoid: 

- of reference, 97, 167, 168 

- of rotation, 91, 97, 167, 376, 381, 389, 

392, 393, 700, 834 

Elliptical bodies, 376, 381, 389, 392, 393, 
698, 699 

Elliptical polarization: 

- of electrical field, 653-655, 681, 685, 

687-692, 693, 701 

- of electronaagnetic field, 699, 779, 

787-789, 807 

- of radio waves, 651-655, 689, 692, 818 
Ellstone structure, Texas, 433 

Eltran method, 30, 47, 623, 625, 631, 
757-763, 817, 901, 908 
Emanation: 
actinium 873 

- chamber, 865, 876, 879, 880, 881 
radium -, 865, 879-881, 884, 885 
thorium 873, 877 

Emergence angle, 533, 539, 541, 545, 
952, 962 
Emersio, 451 

Emery testing machine, 457 
Enargite, density of, 78 
Energy, absorption of {see Absorption) 
Engineering: 

- applications of geophysics, 57-64, 

297, 408, 433-436, 441, 503, 505, 
624, 679-681, 706, 741, 742, 755, 
765, 818-824, 866, 911-934, 956, 
959, 961, 962 

civil 6, 9, 58, 297, 433-436, 441, 503, 
505, 624, 679-681, 706, 735, 741, 
755, 765, 866, 911-934, 956, 959, 
962 

foundation 58, 60, 435, 441, 503, 505, 
624, 741-743, 755, 911-914, 919- 
931, 933 

gas “, 6, 868, 869 

- geology [see also - applications), 

6, 408 

highway 6, 8, 58, 69, 435, 441, 503, 
505, 624. 735, 741-742, 743, 911, 
915, 928 

hydraulic - (see also Water, Pipe 
lines, and Engineering, founda- 
tion), 58, 60, 911 

military 6, 9, 37, 42, 59, 60, 63, 64, 
297, 433-436, 624, 706, 940, 942, 
943, 951, 956, 958, 961 
mining - (see also Mining and Mine 
safety), 167, 928-934 
pipe line - [see Pipe lines) 
sanitary 58, 60, 911 

- seismology, 441, 910-928 
structural -, 6, 9, 58, 910-912, 915, 

917-919, 928-930, 934 
transportation (see also PJngineering, 
highway and structural), 58, 60 
Eristatite porphyry, coercive force and 
rt^manent magnetization of, 316 
pjocene, vertical velocities in, 473 


Eotvos torsion balance (see Torsion 
balance) 

Eotvos unit, 89, 166, 170, 191, 192, 213, 
216, 245, 380 

Epeirogenic movements, 163, 165, 317 
Epidote, density of, 80 
Equilibrium, radioactive {see Radio- 
active equilibrium) 

Equipotential-line method, 26, 27, 78, 
681-706 

conditions for A.C. fields, 685-692 
conditions for stationary fields, 681- 
684 

equipment, 692-696 
generators, 692, 694 
interpretation in, 28, 697-703 
power electrodes, 692-694 
procedure, 671, 693-696 
results, 703-706 

search electrodes, 670, 671, 692, 694, 695 
Equipofcential lines, 26, 27, 39, 40, 624, 
669, 670, 671, 675, 676, 681, 682, 
688, 692-694, 696, 697, 699, 700- 
706, 756, 817 
quadrature 696, 701 
Equipotential surfaces : 
convergence of -, 13, 16, 170, 172, 175 
curvatures of - {see Curvature) 
cylindrical 169, 174 
electrical 476, 682, 683, 693, 834 
- of gravity, 12-15, 70, 89, 167-172, 
174-176 

Erosion, effect of on gravity, 165 
Erosional channels, 61, 70, 292, 416 , 417, 
421, 439, 501, 502, 624, 678 
Eruptive rocks {see Igneous rocks) 
Escarpments, 15, 514, 516, 517, 519, 520 
Essexite, density of, 80 
Ethane, 36, 888-892, 894-896, 899, 900, 
902, 903, 906, 908-910 
Evinrude pump, 491, 492 
Ewing seismograph, 127, 580 
Expanding electrode system, 747, 748, 
749, 754 

Explosion, instant of (see Shot instant) 
Explosives (see Dynamite and Blasting 

Extension, 443, 444, 454-457 
Extensometer (see also Strain gauges), 
454-466 

Extractors, 901 


Fan shooting, 20, 499-504, 546 

- accelerations, 500-501 

- equipment, 503-540 

- in mining, 501-502 

- in oil exploration, 499-504, 546 
Earaday constant, 620, 629, 631 
Faraday's law, 642 
P'athometer, 1)54-955 

Patty acids, 901 
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Faults, 5, 8, 15, 29, 35, 43, 45, 46, 52, 53, 
61, 63, 70, 151, 152, 252, 264, 284- 
286, 296, 395, 396, 425-427, 430, 432, 
433, 441, 514-517, 519, 520, 624, 625, 
718-721, 735, 738, 739, 742, 748-752, 
754-756, 774, 805, 815, 853, 855, 862, 
865, 870, 875, 883-885 
Feclmer balance, 193 
Feehner pendulum, 109 
Feldspar, 55 
density of 80 
elastic moduli of -, 467 
beat conductivity of 848 
specific heat of 848 
Fence, magnetic effect of, 373 
Fermat’s principle, 504, 533, 534 
Ferromagnetic substances, 317. 

Field balance (see Magnetometer, 
Schmidt) 

Field strength (see Electrical fields, 
Electromagnetic fields, and Mag- 
netic field^ 

Fields, physical: 

direction of-, 39, 88, 89,168,289,621,626 
potential of - (see also Potential), 39 
quasi-station ary 38, 681 
stationary -, 38, 88, 293, 681-684 
variation of with time, 38, 162-167 
Figure eight, 684, 688 
Fisher Metallascope, 628, 823, 824 
Fish shoals, 64, 956, 957 
Fissures (see also Faults), 60, 61, 427, 
623,738, 739, 870,875, 883-885, 904- 
907, 909, 928-930, 933 
Flank formations, 274, 276, 296, 422, 423, 
862 

Flash box, 105, 109, 117, 120 
Flattening, 95, 96, 97, 212 
Flexure: 

- of pendulum support, 101, 121 

- correction, 119-122. 

Flint, density of, 80 
Float, 703. 

magnetic effect of 376 
Floats, measurements on, 41, 42 
Flotation method, 72 
Fluctuation (see Variation) 

Fluid level determination, 867, 936, 942, 
943 
Fluorite: 
density of -, 79 

- deposits, 50 

electrical location of 52, 55, 735, 739 

heat conductivity of 848 

Fluorspar (see Fluorite) 

Flux, magnetic, 298, 299, 360,590 
electrical 26, 27, 31 
Flywheel machines (see Vibrators) 

Focal length, 178, 194, 321-323, 327, 32S, 
335-337, 340, 341, 344, 600, 608 
Focal plane, 115 
Focus, 106 
Folding, 317, 551 


Folds (see Anticlines) 

Fontactoineter, 881 

Forced oscillations, 36, 62, 461, 481, 586- 
911, 912, 917-919 
Formation boundaries: 
concentration differences on 622, 
631, 667, 678, 679, 831-833 
density contrasts on 10, 67, 148, 278, 
283, 285 

differences in elasticity on-, 439, 441, 
475, 478, 504, 548 

differences in heat conductivity on 
851. 

differences of magnetization on- 296, 
390, 395, 425 

resistivity contrasts on -, 28, 33, 622, 
698-700, 712, 718, 742, 765, 797, 828, 
829 

Formation water (see Water) 

Foundation studies, 6, 8, 57, 58, 435, 441, 
624, 625, 733, 741, 742, 911, 913. 
914, 922, 928-930, 933. 
Four-electrode methods (see Resis- 
tivity methods and Gish-Rooney 
method) 

Fourier series, 220, 222 
Fractional distillation, 891 
Fractionation, low-temperature, 892, 
898, 900 

Fracture zones (see Shear zones) 

Frame, detection (see Coil, reception) 
Franklinibe: 
density of -, 78 
susceptibility of -, 310 
Free-air correction, 135-137, 141 
Free fall in vacuum, 123 
Free oscillations, 62, 86, 97, 100, 356, 449, 
461, 582-586, 598, 615, 616, 911-914 
Freezing method of shaft sinking, 867 
Frequency (ies) : 

acoustic 866, 937, 940, 941, 945, 946, 
949, 952, 953, 955 , 958 
angular 92-100, 124, 449, 581-584, 
639-641, 688 

- bridge, 647, 774 

damped (seismic) -, 584, 585, 588, 601 

- and depth penetration of ele(3trio 

current (see Depth penetration) 

I - factor, 587, 588, 604-606, 919 
I ground- (seismic) -, 452, 585-590, 593 
i 596, 598, 601-607, 911-918, 915, 920. 
high (electric) -, 619, 622, 62:^, 648 , 685, 
774, 805-800, 819, 821-823, 867 
I intermediate (electric) 619, 646, 647, 
774 

low (electric; 619, 645-646, 766, 774, 
780, 797, 819, 823 

' natural (seismic) 36, 454, 4f>(), 461, 
481, 482, 581-584, 586-596, 598, 600- 
602, 604, 605, 607, 609, Cl 5, 616, 
617, 911-913, 915, 918, 920 
of antenna, 814, 815 
, radio - 619, 809, 811, 812, 814-818 



SUBJECT IJ^DEX 


977 


frequency (ies) {cont : 

“ range, in electrical methods, 25, 31, 
619, 642, 685, 686, 694, 752, 763, 774, 
809, 811, 812, 819 
“ ratio (see Tuning factor) 
resonance - (seismic), 461, 462, 481, 
482, 588, 601, 616, 814, 815, 918, 921, 
922 

“ response: 

of ground 86, 441, 493, 911, 912, 915, 
918, 921-925 

of rock specimen, 461, 481 
of seismographs, 586-591, 593, 594, 
597, 598, 601-606, 616-618 
of structures, 36, 62, 441, 911, 912, 
915, 919 

- of seismic waves (see also Frequency, 

ground), 449, 452 

ultrasonic - (see Ultrasonic trans- 
mission) 

Friction, 582, 583, 615 

- angle, 922 

G 

Gabbro: 

coercive force and remanent magne- 
tization of -, 316 
density of -, 80 
elastic moduli of 467 
radioactivity of 874 
resistivity of 660 
susceptibility of ”, 313 
Gaede pump, 899 
Gal (unit), 10, 13, 88 
Galena: 

density of 77 

- deposits, 417, 804 
resistivity of -, 657, 659 

Galvanic-electromagnetic methods (see 
Electromagnetic methods) 
Galvanometer : 
astatic 359 

ballistic 305-307, 359, 360, 361 , 363, 
893, 894 

bifilar-, 21, 552,598, 600 
coil -,21,552, 598,599, 600 
- in earth inductors, 359,-361, 363 

- in electrical logging, 826, 827 

- in electrical receiving devices, 626, 

644, 646, 651, 670, 671, 692, 693, 
723-725, 762, 778, 780, 783, 814-816, 
824 

- in gas detectors, 892, 893 , 

- on Geiger counters, 864 I 

loop-, 359, 609, 893 | 

response of-, 600-603 I 

seismic 495, 496, 504, 552, 555, 593, ! 

595, 598-607, 617, 618 
sine -, 365, 366 
string 21, 359, 552, 598-691 
tangent 365 

■ for temperature recording, 844 
Gamma (magnetic unit), 16, 19,296, 412, 
414-417, 419-426, 428, 430, 432-436 


Gamma rays (radiation), 35, 54, 863, 864, 
871-873, 876, 878, 879, 881, 884, 885 
Gamma-ray "well logging, 35, 42, 863- 
865, 876, 883 
Garnet, density of, 80 
Garnet gneiss, resistivity of, 660 
Garnet schist, heat conductivity of, 849 
Gas: 

- analysis, 5, 35, 868, 885-910 
composition of 890 

- constant, 629, 631 

- detection, 9, 64, 866, 868, 869, 886, 

887, 892-898 

- detector, 64, 868, 869, 892-898 
emanations of 35, 886, 887, 902-906 

- leaks, 9, 35, 868 

- in rock pores, 76, 887, 892, 898 

- in wells, 34, 825, 842, 856, 866, 868, 869 
Gauge, strain (see Strain gauge) 

Gauss (magnetic unit), 16, 295, 296, 298, 

299, 308, 766, 793-795, 797 
Gauss positions, 300, 325, 329, 336, 338, 
351 

Gauss tangent method, 349, 365 
Gaylussite, density of, 78 
Geiger-Mueller counter, 864, 876, 878, 
881-884 
Genas, 56 

Generator, electric, 645, 692, 694r-696, 
724, 725, 758, 763-765, 774, 775, 781, 
783, 807, 821, 823, 916, 947, 956 
acoustic - (see Sound transmitter) 
Geoaeoustic methods, 956-963 
Geocentric coordinates, 92 
Geochemical prospecting, 885-910 
Geodetic triangulation, 168, 169 
Geoid, 167, 168 
Geological applications: 

- in engineering (see Engineering) 

- in mining (see Mining exploration 

and Engineering, mining) 

- in oil exploration (see Oil exploration) 
Geologic bodies, 4, 7, 10, 11, 16, 38, 42, 

67, 143, 144, 169, 247, 250-254, 293, 
295, 377, 381, 389, 437, 439, 621, 
622, 697, 707, 764 

two-dimensional 144-146, 150-157, 
169, 243,247, 251,252, 254,257-270, 
385-388, 395-400 , 768 
three-dimensional -, 144-150, 153, 250, 
253-258, 265, 266, 269, 270, 375, 
381-385, 390-395 

Geologic history, effect on magnetic rock 
properties, 296, 315, 317, 318 
Geologic structure (sec also Structural 
studies), 4, 5, 8, 10 

Geophone (see also Seismograph), 20, 58, 
580, 591, 866, 950, 960, 901 
Geophysical exploration: 
definition of 3, 4, 38 

- in engineering {sec also Kiiginceriug ) , 

6, 8, 57-64 
indirect 5, 6 
major fields of 5, 6 
measurement procedures of -, 38 -42 
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Geopliysical exploration {coni' d) : 

- in mining (see also Mining explora- 

tion), 6, 8, 49-56 

- in oil (see also Oil exploration), 5, 8, 

43-48 

Geophysical mapping, 41 
Geophysical methods, classification of, 
7-9 

Geophysical orientation, 44 
Geophysical prospecting (see Geophysi- 
cal exploration) 

Geophysical science, 3,4, 70, 296, 440, 623 
Geophysical sounding, 41 
Geophysics, derivation of word, 3 
Geoscope, 725 

Geothennal gradient (see Gradient, 
geothermal) 

Geothernaal investigations (see Tem- 
perature measurements in wells) 
Geothermal methods, 840-845 
Gilbert (unit), 297, 298 
Gimbal suspension, 102, 103, 110, 352 
Gish-Eooney method, 28, 645, 660, 661, 
664, 709, 710, 712, 715, 720, 723-725, 
758 

Glacial drift, 416, 703, 741, 756, 757 
longitudinal wave velocity of -, 469 
resistivity of 661, 664 
specific acoustic resistance of -, 479 
Glaciation, effect on earth's tempera- 
tures, 853, 855, 856 
effect on gravity of 165 
Glaciers, 814, 815 
Glass, damping resistance of, 482 
Glauberite, density of, 78 
Glow tube, 116, 497 
.Gneiss: 

density of 81 
dielectric constant of 666 
elastic moduli of 467 

- formation, 271, 284, 288, 409, 430, 

678, 679 

heat conductivity of -, 849 
longitudinal wave velocity of ~ 472 
radioactivity of 874 
specific heat of 848 
susceptibility of 312 
Gold, 5, 8, 50, 51, 73, 297, 419, 704 
-conglomerate, 50, 51, 419 
density of 77 
direct location of -, 5 

- quartz, 29, 50, 52, 624, 754-756 
Gossan, 27, 629-630, 668, 669 
Gradient : 

- and curvature variometer, 13, 175-184 
geothermal-, 844-847, 850-854, 860 
horizontal of gravity (see Gravity 

gradient) 

magnetic 363, 380, 406, 407 
regional 240, 241, 246, 251, 262, 281 
vertical of gravity, 70, 136, 169, 
190-192, 394" 


Gradiometer: 

magnetic 40, 363, 364, 380 
torsion balance 184-192, 380 
vertical -, 190-192 
Grain packing and porosity, 634-637 
Graneros shale, 84 
Granite : 

- building stone, 435 

coercive force and remanent mag- 
netization of -, 316 
density of -, 73, 75, 76, 81 
dielectric constant of 666 
elastic moduli of -, 467 

- formation, 430, 502, 677, 678, 703, 742 
heat conductivity of -, 849 
longitudinal wave velocity of 472 
radioactivity of -, 874 

Rayleigh wave velocity of 473 
resistivity of 660, 661 
-ridge, 8, 18, 45, 47, 161, 284, 429-431 
specific heat of 848 
susceptibility of -, 313 
transverse w'ave velocity of-, 472 
Granodiorite, longitudinal wave velocity 
of, 472 

Granulite, density of, 81 
Graphical correction methods, 138-140, 
226-236, 243, 559 

Graphical interpretation methods, 144, 
153-154, 253, 256, 265-268, 389, 490, 
536-539, 729-733, 768-769, 793 -795 
Graphical representation of data (see 
Plotting) 

Graphite: 
density of -, 79 

- deposits, 55, 756 

heat conductivity of 848 

- impregnations, 623 
resistivity of 632, 657, 659 
spontaneous polarization of -, 668, 

678, 680 

susceptibility of -,310 
Graticule (correction and interpretation 
diagram), 138, 139, 153, 154, 229- 
234, 265-267, 400, 760 
Orating (sec Graticule) 

Gravel: 

density of-, 838 

- deposits (see also Placer deposits), 

54, 277, 416, 417, 421, 439, 5()l-f)()2, 
733, 735, 742, 743 

- pits, 377 

Rayleigh wave velocity of -, 473 
resistivity of 664 
water 743, 744 

Gravimeter, cS- 12, 39, 40, 43. 46 -48, 53-55, 
67j 70, 71 , 123-137, 161, 162, 274, 580 
Askania 126 
astatic 127-134 
bifilar-, 130, 131 
Rolideii 125 
calibration of- 133-135 
drift of 135 
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G-ravimeter [coni' d ) : 

Gulf 127 
Haalck 124 
Hart Brown- 130 
Hartley 126 
Humble- 132 
Ising- 129 

Lindblad-Malmquist 125, 126 
Mott-Smith 133, 134 
natural frequency of- 127 
recording- 165 
-results in mining, 161, 162 
scale Talue of 134 
sensitivity of -, 134 

- survey results, 157-162 

Threlfall and Pollock 125 
Thyssen 132, 133 
trinlar -, 131, 132 
Truman 132 
unastatized 124-' 126 

underwater- 109 
Wright-, 125 

Gravimetric methods, 7-15, 67-292 
Gravitation, principles of, 88-97 
Gravitational : 

- constant, 85-87, 139, 140, 797 

- exploration (see - methods) 

- field, 11-16, 67, 88-96 

time variations of 162-167 
-methods, 7, 8, 9-15, 67-292 

- pressure, 75, 476 
Gravity: 

acceleration of 88, 89, 454 

- anomalies : 
regional-, 141, 142,160 
local-, 145-162 

- attraction of: 
cylinder, 146-150 
sectors, 149 

two-dimensional bodies, 150-154 

- calculation from gradients, 248-250 

- change with elevation, 135-137, 190 

- change with latitude, 141, 211 

- compensator, 87-89 
corrections on 135-143 
-field, 3, 9-16, 67, 88-96 

- gradient, 10, 13-15, 70, 170, 171, 

175-179, 182, 184, 186, 187, 189-195, 
199, 201-203, 206, 210, 211, 213, 215, 
218, 220, 222, 226-230, 231, 233-236, 
238, 240, 244-266, 269, 270-202, 
304-397, 400 

graphical representation of-, 244-248 
Gravi ty : 

horizontal components of, 12, 39, 157, 
167-169, 171, 172, 174-176, 253, 254, 
394 

international formula for- 97 

- interpretation, 143-157 
analytical 146-153 
direct 143, 144 
graphical 153, 154 
indirect ~, 143, 144 
integraph methods, 154-157 


Gravity [conVd) : 
isostatic correction for -, 141 

- meter [see Gravimeter) 

-methods (see Gravitational methods) 

- multiplicator, 88 
normal 141 

-pendulum, 10, 97-123, 135 
planetary correction of 141, 211 
regional- 141, 142, 160 
secular variation of 165 
-terrain correction, 137-140 
time variations of -, 162-167 

- variation with latitude, 94-97, 141, 

211 

Gray seismograph, 580 
Graywaeke: 
density of 81 
elastic moduli af 467 
Greenstone, resistivity of, 661 
Ground-distance meter [see Terrain- 
clearance indicator) 

Ground roll, 450, 452, 550, 551 
Groundwater (see Water, ground) 
Grueneisen method, 455, 456 
Guillemin effect, 317 
Gypsum : 
density of 79 

- deposits, 51, 54, 736, 738 
dielectric constant of 665 
elastic moduli of 464 
heat conductivity of 848 
longitudinal wave velocity of -, 470, 

471 

radioactivity of-, 875 
resistivity of 663 
specific heat of 848 
susceptibility of 312 

H 

Half-value point, 382, 387, 393, 673, 698 

- time, 877 
Halides, 901, 903 

resistivity of 658 
Hallefiinta, density of, 81 
Halo, 36, 903-910 
Harbor investigations, 57, 58, 738 
Harbor surveillance, 951 
Hardness, 464 
Hartley oscillator, 931 
Heat [see also Temperature) : 

- conductivity [see Thermal con- 

ductivity) 
specific 847, 848 
Helium, 873 

Helmholtz coil, 330, 331, 333, 338, 348, 
363, 366, 403 

- with, uniform field, 363 
Helmholtz resonator, 938, 940 
Hematite; 

density of 78 

- deposits and mineral, 51, 52, 297, 

318, 414, 415, 417, 520 
dielectric constant of 666 
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Hematite {coni^d): 
resistivity of 657, 659 
susceptibility of 311 
specular-, 50, 414, 415, 657 
Hemisphere (see Northern hemisphere 
and Southern hemisphere) 
Hettangian age, 676 
High frequency (kee Frequency, high) 
High-frequency method, 31, 32, 619, 622, 
623, 626, 648, 805-809 
High-frequency well-surveying, 867 
Highway engineering (see Eugineering, 
highway) 

Hoohe’s law, 442, 920 
Horizontal component: 

- of electrical field (see Electrical field) 

- of electromagnetic field (see Electro- 

magnetic field) 

- of gravity force, 12, 30, 157, 167-169, 

171, 172, 174-176, 253, 254, 394 

- of ground or building vibration, 917, 

918 

- of magnetic force (see Horizontal 

intensity) 

Horizontal directing forces (sec Curva- 
ture values) 

Horizontal intensity, magnetic, 16-18, 
295, 301, 306, 320 321, 323, 325, 
335-341, 344-346, 349-351, 355-357, 
360, 361, 364-366, 368, 374, 378-402, 
406, 409, 410, 412, 417 

- deter min at ion of: 

by deflection, 356, 357 
by oscillation, 356, 357 
Horizontal loop methods, 626, 548, 
774-805 

elliptical polarization, 787-781) 
equipment, 774, 778-786 
interpretation, 789-800 
loop fields, 776-779 
results, 800-806 

Horizontal pendulum or soisinonietcr 
(see Seismograph, liorizoiital) 

Horn blende: 
density of 80 
resistivity of 658, 660 
susceptibility of -, 310 
Horixblcnde-gabbro, density of, 80 
Horiisilvcr, density of, 77 
ITotfdikiss siipordip, 175, 342-344, 371), 
430 
Hot wire: 

■- f 2 ;ns detector, 64, 868, 869, 892-894 

- inicrophonc, 938, 940, 948 
~ seismometer, 613 

Hughes balance, 819, 820 
Hughes echo sounder, 957 
Huyp^ens principle, 506 
Hydraulic engineering (sec Engineering, 
liydraiilic) 

Hydrocarbons: 
aliphatic -, 889 
aromatic <S89 


Hydrocarbons (conVd): 
classification of-, 889 
liquid 888, 891, 901-904, 909, 910 
paraffin 888-892, 895, 896, 901-905 
pseudo-, 36, 891, 899, 903, 909 
soil analysis by 35, 885-910 
Hydrogen, 629, 669, 891, 894, 899, 903, 905 
Hydrogen sulfide, 886 
Hydrometer, 72 
Hydrophone, 947-951 
Hygrometer correction, 118 
Hygrometric observations, 61 
Hyperbola, 559, 560, 561, 941 
Hypersthene, density of, 78 
Hysteresis: 

- curve, 297, 299, 300, 303, 307-309, 

318, 401 
elastic -, 442 

magneto-mechanical -, 317, 318 
temperature -, of magnetization, 317 

I 

Ice: 

density of 79 
dielectric constant of 665 
elastic moduli of -, 467 
heat conductivity of 848 
Iceberg, locating, 9, 41, 59, 64, 952 
Igneous intrusions Intrusions) 
Igneous rocks, 4, 16, 48, 55, 61, 284, 286, 
296, 297, 376, 389, 401, 416-419, 422, 
424, 427, 429, 432-435, 512, 513, 
634, 637, 638, (>56, 742, 849, 870 
coercive force and remanent mag- 
netization of 316 
densities of 73, 74, 76, SO, 81 
clastic moduli of-, 467, 474, 475, 477 
heat conductivities of -, 841) 
longitudinal wave velocities <.)f 472, 

474, 475, 477 

magnetic susceptibilities of 313-315 
radioa(ctivity (A 870, 874, 875 
Rayleigh wave volociticB of -, 473 
resistivities of •, 6:31, 6:'?7, (5.38, (557, 
660,661 

specific heats of • , S48 
transverse wave veloeit i(cs of , 472, 47.3 
I linen it o: 

coercive fou'c and rcinaneuf magnet i- 
zat ion of 31 5 
density of - , 7<S 
resistivity of ',657 
susceptibility of , 310, IR 1 
Images : 

- ill inductive iiudluxls, 32, 7i)l 8()0 

- in radio methods, KIK 

- in refioctioTi seismic, imdhods, 562, 567 
-in resistivity methods, 672, 711-714, 

I 7J7-7H), 722, 745, 749, 751 

' Jmpedanec bridge, 647 
I Impetus, 451 

I Impregnation (,^ee Dissemiiiatioip 
i Inclination, of formations (.saicDip) 
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Inclination, magnetic, 17, 39, 40, 295, 
343-347, 340, 365-359, 361, 362, 
364, 368, 378-380, 393, 394, 403, 418 
Inclinator, inclinometer : 

=dip circle and dip needle, 17, 345-347, 
356-358, 403, 413, 415, 422, 436 
rotarjr - (see Earth inductor) 

Tiberg- 349, 364 
Incompressibility factor, 445, 446 
Index carves, 807, 808 
Indian magnetometer, 358 
Indicator length, 581, 582 
Inductance bridge, 305, 306, 932, 933 
Inductance function, 758 
Induction: 

“balance, 819-822 
“ factor, 792-797 

“instruments (magnetic), 364, 365 
“ theory in magnetic interpretation, 
19, 389-400 

Inductive electromagnetic methods (see 
Electromagnetic methods, induc- 
tive) 

In-phase component (see Electromag- 
netic field) 

Instruments : 

gravity measuring - (see Pendulum 
and Gravimeter) 
magnetic - (,see Magnetometer) 
rock testing - (see Density; Magnet- 
ism; Susceptibility; Elastic mod- 
uli; Resistivity; Dielectric con- 
stant; Radioactivity; a?^cZ Thermal 
conductivity, determination of) 
Integraph, 144, 154, 156, 157, 236, 238, 
239, 249,253, 268,269, 270,400 
Intensity: 

acoustic - (see Acoustic intensity) 

- of electrical field (see Electrical field) 

- of electromagnetic field (see Electro- 

magnetic field) 

- of gravity (see Gravity field) 
magnetic - (see Total intensity, 

Vertical intensity, and Horizontal 
intensity) 

- of radioactive radiation (see Radio- 

active radiations) 
seismic - (see Seismic intensity) 
Interferometer, 120, 455-457, 460, 930 
Interior friction, 118, 481, 583, 922, 936 
Interpretation: 

analytical methods of 144, 146-153, 
255-265, 381, 400, 728, 766-769, 
790-791 

“diagrams, 144, 150, 154—156, 256, 
258, 263-268, 388, 400, 537-539, 
544, 546, 558-560, 665, 566, 726, 727, 
733, 768-769, 793-795 
direct 19-23, 26, 28, 31, 32, 67, 143, 
256, 260, 263-265, 382, 384, 385, 
387 , 437, 623, 673, 727-733, 793, 885 
-of electromagnetic surveys, 31, 32, 
766-777, 789-800 

“Of equipotential line surveys, 28, 

697-703 


Interpretation (cont^d): 
graphical methods of 144, 153-154, 
253, 256, 265-268, 389, 400, 536-539, 
729, 733, 768-769, 793-795 

- of gravimeter surveys, 11, 67, 143-157 
indirect 11, 15, 143, 144, 253, 388, 

389, 395-400, 623, 671, 766-769. 
integraph methods of -, 144, 154-157, 
253, 268-270, 400 

-of magnetic results, 19, 293, 377-402 

- by models (see Model experiments) 
-of pendulum results, II, 67, 143-157 
-of potential-drop-ratio measure- 
ments, 29, 747-751 

qualitative-, 11, 15, 19, 26, 28, 31, 143, 
250,380, 623,697, 727-728, 766 

- of resistivity surveys, 726-734 

-of seismic results, 20-25, 506-549, 
557-567, 572, 576-579 

- of self-potential surveys, 26, 671-675 

- of soil and gas analysis data, 36, 

902-909 

- of torsion-balance results, 15, 143, 

250-270 

- by type curves, 29, 252, 383-387, 623, 

671, 731-733, 734, 767, 790, 791 
Intrusions, 4, 8, 15, 19, 45, 51, 70, 297, 
315, 381, 417-419, 421, 422, 427, 
429,430,432, 433,435, 514 
Ion, 369, 629-633, 637, 639, 679, 874, 882, 
884, 898 

- concentration, 629-631, 637 
~ mobility, 631, 637, 639 

Ionization, 637, 872, 873, 878, 898 

- chamber, 35, 865, 872, 876-881, 884 
Iridescent films, 886 

Iron: 

- chloride, 303 

- objects, 332, 333, 373-375, 404, 425 

- ore, 4, 8, 16, 51, 70, 73, 74, 287, 296, 

318, 376,385, 389,401-415,884 
coercive force and remanent mag- 
netization of 315 
density of -, 73 

susceptibility of 311, 401, 411 

- quartzite, 287, 409-411 
susceptibility of-, 312, 411 

Ironstone, density of, 83 
Isanomalics, 18, 19, 378 
Isochronous pendulum, 101 
Isochrons, 476, 548 

Isogam, 11, 18, 141, 142, 158-161, 170, 
244, 248-252, 272, 279. 
Isogeothermal surfaces, 845, 852-854, 
860, 861 

Isomagne tic lines (see Isanomalics) 
Isomers, 891, 901 
Isometric representation, 378 
Isostatic: 

-compensation, 165 
-correction, 141 
-equilibrium, 165 
Isothermal (see Isogeothermal) 

Isotime curves, 476, 548 
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Jadeite, density of, 81 
Jolly balance, 72 

measuremeats of vertical gravity 
gradient by 190, 191 
Joule efeet, 947 

Jurassic formations, 81, 291, 703, 706 

K 

Kaiaite, density of, 79 
Kaolin, density of, 79 
Kaolinite, density t)f, 79 
Keewatin formation, 703 
Kelvin, balance, 303 
Kelvin theorem, 845, 846 
Kennelly-Heaviside layer, 936 
Keratophyre, coercive force and rema- 
nent magnetization of ~, 316 
Keuper formation, 290 
Kew magnetometer, 358 
Kieserite, density of, 78 
Kilohm-centimeter, 633 
Kircbhoff's law, 717 
Kirchhoff-Wheatstone bridge 363 
Kundelungu formation, Belgian Congo, 
678, 679 


Laccolith, 428, 433 
Lakes: 

electrical measurements on-, 764, 
802, 803 

gravimeter measurements on 162 
torsion balance measurements on-, 
270-275 

Lara6 coefficients, 439, 445-448 
Lamont sine method, 349, 364, 365 
Landolt-Bornstein tables, 310 
Langcviii-riorisson transmitter, 947 
Laplace's equation, 89, 169, 191 
Larsen compensator, 30, 781, 782 
Latitude variation; 

-of curvatures of earth ellipsoid, 211, 
212 

- of curvature values, 211, 212 
"-of gravity, 94-97, 141, 211 
-of gravity gradient, 210, 211 

~ of magnetic anomalies, 393, 394, 
397-399 

- of magnetic field components, 372 
-of magnetic variations, 368, 369 

Lava: 

density of-, 73, 81 

-flows, 297, 317, 318, 416, 410, 434, 435 
lieat conductivity of 849 
radioiictivity of 874 
resistivity of 661. 
susceptibility of -, 849 
luiyorcMl media Stratified ground) 


Lead; 

damping resistance of 482 

- deposits, 70, 73, 74 

- for ionization chambers, 881 
Leads, power (see Power leads) 

Lead-zinc deposits, 50, 289, 417, 705 
Leakage (see Pipe leaks) 

Lecher system, 648 

Lejay-Holweek pendulum (see Pendu* 
lum) 

Lemniscate, 687, 688, 691 
lenticular oil deposits, 45, 47, 422, 433 
leptite formation, 162, 703, 704 
leucite, density of, 80 
Level surface (see Eqiii potential surface) 
Leveling, 137, 213, 239, 571 
lightning, 309, 315, 316, 376 
light velocity, 685, 810, 811, 940 
lignite, 51, 53, 70, 289, 290, 739, 740, 
773, 886 
density of 79 
Limestone : 
density of -, 76, 84 
dielectric constant of 666 
elastic moduli of 468, 474, 476 

- formations, 46, 51, 54, 61, 76, 284, 

285, 286, 289, 414, 441, 474, 475, 
508, 518, 520, 547, 637, 677, 728, 729, 
735, 736, 738, 741, 833 
heat conductivity of -, 849 
longitudinal wave velocity of 470, 
471 

radioactivity of -, 875 
Bayleigh wave velocity of 473 
resistivity of 637, 660, 663, 836 
specific acoustic resistance of ~, 479 
susceptibility of ™, 312 
transverse wave velocity of 473 
Limoni te : 
density of -, 78 
dielectric constant of 666 
-mineral, 51, 318, 415, 417, 630, 668 
resistivity of -, 657 
susceptibility of 31 1 
Lines of force (diagram), 389 
liquid hydrocarbons (see Bydrocarbons) 
listening devi cos (see Sound receivers) 
Lithographic stone, 55 
Loam: 

density of 82 

dielectric constant of ()()(), 667 
longitudinal wave velocity of 468 
specific heat of S4K 
Loess: 

density of 82 
clastic moduli of 468 
longitudinal wave velocit y of-, 468 
Rayleigh wave velixdty of--, 473 
Logarithmic deorciiKmt, 585, 586, 815 
Longitudinal wave, 447, 448-452, 464, 
466, 468 -477, 498-502, 504-55 1 , 

536-569, 849, 862, 863, 866, 914 
Loop galvanometer, 359,609, S93 
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Loops: 

horizontal 31, 32, 776-779, 783, 787, 
791 793 ? » > 

vertical 31, 32, 805, 806, 807 
Louis dipping compass, 345 
Love waves, 450, 451, 926 
Low frequencies (see Freq-uency) 

Lunar variation of gravity, 163, 164 

M 

Mache unit, 873, 881, 884 
Machine drill {see Botary drill) 

Maeotic formation, 837 
Magma movements: 
effect of on gravity, 165 
effect of on magnetic anomalies, 318 
Magmatic differentiation deposits, 49, 
50, 52, 412, 413 
Magnesite: 
density of 79 
-deposits, 55 
susceptibility of 310 
Magnet ; 

auxiliary -, 325, 326, 330, 333, 336, 338, 
339, 341, 347, 349, 350, 351, 373 
dipping -, 384-386, 388, 403 
= magnetic doublet, 19, 384-388, 778 
Magnetic : 

- anomalies, 4, 16, 18, 19, 296, 315, 377, 

378, 381-402, 409-436 
relation of-, to gravitational 
anomalies, 393-395, 400 

- balance {see Magnetometer) 

- corrections, 366-377 
-doublets, 19, 384-388, 778 

- held {see also Horizontal intensity. 

Total intensity, and Vertical in- 
tensity), 16, 293, 295, 296, 298, 
299, 302-320 

latitude variations of- 372 
- of subsurface bodies, 377-402 
time variations of- 367, 372 

- flux (see Flux) 

- gradient, 303, 380, 406, 407 

- inclination (see Inclination) 

- instruments, 17, 18, 318-366 
classification of -, 319 
construction principles of 318, 

319 

tboory of 3 10 --321 

- interpretation: 
induction thooiy, 380, 40Q 
pob^ and line theory, 381-389 
qualitative, <iiiantitative, 380, 381 
theory based on ])oth permanent and 

iiuluced magnetism, 400-402 
-latitude, 16, 19, 293, 295, 327, 328, 
332, 338, :313, 3G9, 372, 380, 389, 
392, 393, 394, 395, 397-399, 403, 416 

- line, 19, 145,385 

- lino doublet, 19, 3Sr)-3<88 

- method, 8, 15, 15-19, 43, 45, 49, 50, 

51,52,54, 293-435 


Magnetic (confd): 

- moment, 299-303, 305, 307, 320, 321, 

323, 326-330, 335-338, 340, 341, 

344, 345, 348, 351, 353, 365, 374, 

390 392 778 

-needle, 17, 301, 302, 306, 320, 321, 

341, 343, 344, 349-351, 357, 358, 

354, 365 

-objects,332, 333,373, 374,375, 404, 425 

- observatories, 366, 367, 368, 369 

- permeability, 297, 298, 299, 302, 622, 

642, 685, 757, 810, 811 

- pole (pole of magnet), 19, 115, 302, 

320, 326, 330, 336, 343, 350, 351, 

354, 374, 375, 378, 380, 381, 384, 

388, 389, 390, 406-408, 552, 754, 

766, 785, 792 

- reluctance, 297, 298, 595 

- reluctivity, 298 

-rock properties (see Magnetism of 
rocks) 

-storms, 370 

- surveys, 408-436 

- in engineering, 433-436 

- in mining, 409-422 

- in oil exploration, 422-433 

- susceptibility, 16, 297, 299, 301, 302, 

303, 304 , 305 , 396, 307, 309, 374, 
375, 382, 387, 390, 392, 395-402, 411, 
414, 419, 424, 427, 432, 433, 865 
apparent -, 390, 392 

- of igneous rocks, 313, 314 

- and magnetite content, 315 
measurement of 

balance method, 303 
ballistic method, 306, 307 
inductive method, 303-306 
Koenigsberger method, 301, 302,303 
solenoid-denection method, 306 
test tube method, 301 

- of metamorphic rocks, 312 
~ of minerals, 310, 311 

- of sedimentary rocks, 312 

- systems, 17, 303, 319, 320, 321, 322, 

324, 325, 334, 335, 337, 339, 340, 

342, 347, 348, 351, 352 
temperature-compensated 322, 

324, 325,327, 328,337 
“ theodolite, 355-358, 366 

- torsion balance, 303, 355, 380 

- variations, 367-372 
diurnal 367-371 
secular 370, 371 

- vectors, 378, 379 

- vertical intensity (sec Vertical 

iutcMisity) 

Magnetite, 16, 50-52, 287-290, 296, 297, 
308, 300, 314, 315, 318, 409, 411-417 
(U)cr(‘ive force and remanent magneti- 
zation of -, 315 
density of -, 78 
(ilastic moduli of 467 
beat conductivity of 848 
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Magnetite (conVd): 
resistivity of 657, 659 
spontaneous polarization of 668 
susceptibility of 311 
Magnetism of rocks, 4, 16, 19, 297'-318 
determination of -, 300-309 
factors affecting 314-318 
and geologic history, 315, 318 
indnced 296, 297, 299-301, 306, 307, 
309, 382, 389, 390, 392-394, 400, 
401, 402, 865 

- and mechanical forces, 317, 318 

- and mineral composition, 314, 315 
~ and temperature, 317 

Magnetization: 

intensity of, 298-300, 307, 317, 318, 
- 382, 387, 390, 393, 394, 401, 402 

remanent ~, 16, 19, 296, 297, 299-301, 
303, 306, 307, 309, 315-317, 382, 
400-402, 865 

Magnetomechanics, 317, 318 
Magnetometer : 

Ambronn -, 341 
Angenheister 342 
astatic-, 301, 302, 303, 359, 364, 865, 866 
Cardan suspension 352, 353, 422 
Bahlblom pocket -, 348, 349 
earth inductor type -, 358-363 
fundamental equation of -, 321 
Haalck universal-, 339, 340, 341 
horizontal -, 17, 301, 306, 318, 334-339, 
340, 341, 349 , 350, 351, 352 
Hotchkiss superdip 17, 342, 343, 344 
Koenigsberger -, 342 
Kohlrausch -, 349, 350 
Koulomzine -, 342 
operation of, 332, 333 , 338, 339 , 373 
Ostermeier 342 
Ostermeier universal -, 351, 352 
prospecting -, 321-355 
Hieber -, 364 

Schmidt compensation ~, 350, 351 
Schmidt horizontal 17, 318, 334, 339 
auxiliary magnets, effect of, 336 
gravity, effect of, 337 
misorientation of -, 335 
operation of 338, 339 
scale value of 335 
temperature, effect of, 337 
theory of 335 
tilt, effect of, 336 

vertical intensity, effect of, 336, 337 
Schmidt vertical 17, 18, 40, 48, 301, 
318, 321-333, 405 

auxiliary magnets, effect of, 325, 326 
gravity, effect of, 326 
instrument case, magnetic effects 
of, 373 

instrument constants and correc- 
tions, 328-332 
misorientation of 323 
operation of 333 
scale value of -, 323 
temperature, effect of, 326, 327, 328 


Magnetometer {conVd ) : 
theory of -, 321-328 
tilt, effect of, 323, 325 
Thalfen-Tiberg-, 349, 402, 405 
Thomson-ljhal6n -, 347, 348 
Toepf er -, 342 
unifilar - , 301 

vertical- 17, 18, 40, 48, 301, 318, 321- 
333, 341, 342, 347, 348, 351, 352. 
353, 361, 364, 366 
Watt 342 

Wilson attachment for -, 352 
Magnetomotive force, 297, 298, 595, 
596 


Magnetostriction : 

- effect on rock magnetism, 317 

- transmitters and receivers, 946, 947, 

948, 952, 953, 955, 956 
Magnetron, 353, 354 
Magnification : 

dynamic 481, 587, 588, 589, 603, 604, 
605, 606, 618 

static 581, 586, 587, 588, 589, 593, 
594, 595, 596, 598, 601, 602, 606, 
615, 617, 912, 917, 919 
Malachite : 
density of 78 
susceptibility of-, 311) 

Manganese, 51, 52, 73, 421 
Manganite, density of, 78 
Manometer, 119, 899, 909 
Marble: 
density of -, 81 
dielectric constant of-, 666 
heat conductivity of 849 
Marine-acoustic methods, 943-956 
Marine gravity apparatus, 101-103, 107, 
109 

Markasite: 
density of -, 78 
resistivity of 657 
susceptibility of -, 310 
Marl : 

density of 81 

longitudinal wave velocity of 469 
resistivity of 637, 6G3 
Martens gauge, 454, 930 
Mass-absorption coefficient, 873, 881 
Mass (lisplacenients, eihict on gravity, 
167 


Mass spectrograph, 898 
Maxwell (unit), 207-299 
May sandstono, 706 
McKittrick formation, 424 
McLeod gauge, 899 

Measurement procedures in geophysical 
exploration, 38-42 
Mechaiiifuil concentration : 

-deposits, 49, 51, 416 
effect of-, on rock niagnetisni, 318 
Mechanical seismographs {nee Bcis mo- 
graphs, mechanical) 

Megabar, 452-454 
Megger, 644, 645, 723, 724, 72^3 
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Melaphyre, density of, 81 
Melting point, 891, 892 
Mentor beds, 84 
Mercury, 73, 123, 124 
Meridian, magnetic, 295, 321, 325, 334, 
338, 341-342, 345-347, 350, 353, 
357, 361,363, 378,379, 405 
Metallascope, 628, 823, 824 
Metal mining, geophysical methods in 
(see also Mining exploration) , 49, 
50, 51, 52 

Metamorphic rocks, 48, 61, 287, 315, 
410, 412, 419, 424, 439, 678, 734, 
756, 848,849, 874 

coercive force and remanent magneti- 
zation of 316 
densities of -, 74, 81 
heat conductivity of -, 849 
longitudinal wave velocities of 472 
radioactivity of-, 874 
resistivities of -, 637, 660, 661 
susceptibilities of-, 312 
Meteorological factors and magnetic 
variations, 369, 370 
Meteorology, 3 
Meteors, 70, 422 

Methane, 36, 888-897, 899, 900, 902- 
907 

Mho-centimeter, 633 
Mica: 

density of -, 80 
- deposits, 55 

dielectric constant of 666 
elastic moduli of -, 467 
heat condnctivity of 848 
resistivity of 658 
Microgal, 88, 139, 150, 154 
Microgauss, 622, 793-795 
Microphone, 20, 866, 867 
carbon 937, 948, 953, 960 
coil 20, 937, 940, 942, 948, 951 
condenser- 20, 932, 948 
crystal 21, 937, 948, 949, 953, 960 
hot wire 938, 940, 948, 960 
magnetostriction 946-948, 952, 953, 
955, 956 

reluctance -, 20, 937, 954, 955 
Microtimcr, 952 

Military engineering, 6, 9, 37, 42, 59, 60, 
63, 64, 297, 433-436, 624, 706, 940, 
942, 043, 951, 956, 958, 961 
Millerite, density of, 78 
Milligal, 10, 88, 101, 104, 106, 111), 113, 
117, US, 123-127, 129, 130, 132-137, 
141, 143, 158-152, 164, 165, 170, 
248, 249, 272, 274, 283 

-M ijie: 

caving, 36, 63, 914, 928-939, 933 
safety, 9, 956, 960, 961 
-workings (see Underground workings ) 


[ Mineral composition, effect on, of: 
elastic rock properties, 474 
rock density, 73 
rock magnetism, 314 
Mineral density, 74 

Mineral deposit, classifications, 49, 50, 51 
Minerals, resistivities of, 657, 658 
Minette, 51 
Mining: 

acoustic methods in 37, 956-963 

- compass, 17, 320, 345, 346, 403 
electromagnetic methods in 31, 52, 

55, 626, 771-773, 800-809 
equipotential-line method in 27, 52, 
624, 703-706 

-exploration, 6, 17, 19, 23, 49-56, 79, 
161, 162, 286-292, 297, 404-422, 
439, 501-593, 505, 623 
gravitational methods in 52, 53, 54, 
55, 161, 162, 286-292, 520 
magnetic methods in -, 17, 19, 49, 51, 
52, 54, 56, 297, 494-422 

- operations, effect on gravity, 167 
potential-drop -ratio method in 29, 

52, 625, 755-757 

radioactivity methods in 35, 884, 885 
radio methods in -, 32, 627, 813, 816, 817 
resistivity methods in 28, 52-55, 
625, 739-741 

seismic methods in 21, 23, 49, 50, 53, 
54, 55, 439, 501-503, 505, 520 
self-potential methods in 26, 52, 53, 
624, 675-679 

strain gauging in 36, 63, 928-934 
Mint, 63 

Mirror device, 115, 116, 496, 616 
Mississippian formation, 735, 736 
vertical velocities in 473 
Model experiments, 41, 42 
electrical -, 28, 623, 700, 701, 734, 735, 
771, 890, 801, 802, 812 
gravimetric-, 88 
magnetic 19, 402-404 
seismic 62, 911, 912, 914, 917 

- for strain measurements, 63, 933 
Moduli, elastic, 442-446, 467-468, 911, 

926, 927 

dissipative 483 
measurement of 452-466 
Moisture, effect on, of: 
density, 74, 76 
dielectric constant, 641 
elastic rock properties, 475 
high-frequency and radio fields (see 
also Near-surface interference), 
655, 806, 809, 8ir> 
rock resistivity, 634-639 
thermal properties, 847, 848, S49 
iMoll galvanometer, 841 
Molybdenite: 
density of -, 7S 
~ deposits, 59 
resistivity of 657 
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Moment: 

electric -,672, 697 
magnetic - (see Magnetic moment) 
Monacite sand, 55 

Moon, effect of, on gravitational field, 
162-164 

Motor generator (see Generator) 

Muaslira series, 678 

Mud: 

‘ density of -, 74 

drilling - (see Drilling mud) 

- volcanoes, 886, 887 
Muscovite, dielectric constant of, 666 

N 

Nacatoch formation, 432 
Nagelfiue, heat conductivity of, 849 
Nagyagite, density of, 77 
Naphtnalenes, 889 
Naphthenes, 889, 890 
Natural density, 76, 77 
Natural earth currents and potentials 
(see Spontaneous potential) 
Natural frequency (see Frequency) 
Navarro shale, 285 
Navigation, 9, 64, 940, 942, 949, 951 
Near-surface interference, 31, 745, 763, 
764, 808, 809, 815, 817 
Negative potential center, 26, 27, 668, 
669, 671, 675, 677 
Nephelite, density of, 80 
Nephelite basalt: 
density of 80 
susceptibility of -, 314 
Nephelite-syenite, density of, 81 
Nephrite, susceptibility of, 313 
Neutron, 872 
Newtonian potential, 145 
Newton’s law, 16, 85, 87, 89, 144, 145 
Nickel : 

damping resistance of 482 
magnetostrictive properties of 317, 
318, 947 

Nickel ores, 50, 73, 289, 310, 385, 415, 416 
Nicollite, resistivity of, 657 
Nitramon, 485, 486, 490, 571 
Nitrates, 54 

Niveau surfaces of gravity (see Eqiiipo- 
tential surfaces of gravity) 

Noise: 

detection of -, 9, 35, 58, 59, 63, 64, 
935, 938, 941, 942, 948, 951, 958, 
960-962 

prevention of 36, 37, 935, 943 
Nomographs, 202, 203 
Nonastatic gravimeters (see Gravi- 
meters, unastatized) 

Noiirnetallic mining, geophysical ex- 
ploration in, 52-56 

Nonpolarizablc electrode (see Elec- 
trode) 


Norite: 

coercive force and remanent magneti- 
zation of-, 316 
density of -, 80 
elastic moduli of 467 
radioactivity of 874 
Eayleigh wave velocity of 473 
susceptibility of-, 313 
transverse wave velocity of 473 
Normal: 

- electrical field, 683, 693, 694, 697 

- electromagnetic field, 766, 770-773, 

776-779, 801 

- equipotential lines, 682, 683, 693, 
697, 699 

- geothermal gradient, 847 

- gravity, 141 

- gravity gradient, 210 

- magnetic field, 377 

- potential differences, 670, 678 

- ratio (P.D.R.), 746, 747, 754, 756 

- travel-time curve, 499, 500 
Northern hemisphere, 211, 212, 293, 295, 

375, 416 

Nucleus, 870-873 

0 

Observatory, magnetic, 2, 3, 362, 366-369 
Obsidian : 
density of 81 
elastic moduli of 467 
heat conductivity of -, 840 
Oceanography, 3, 42 
Oerstedt unit, 298 
Oertling balance, 193 
Ohm-centimeter, 633 
Ohm-foot, 633 
Ohm-inch, 633 
Ohm-meter, 633 
Ohm’s law, 632, 633, 683 
Oil: 

composition of -, 800 
direct location of 5, 9, 33, 45, 47, 

825, 831, 837, 8,56, 884, 886-888, 

894, 902-910. 

- exploration, 4, 5, 19, 25, 33, 43-48, 

70, 157-161, 272-286, 422-433, 43!1, 
441, 498, 490, 503, 623, 736-739, 

755, 761, 805, 817, 825, 835-837, 

856-S58, 862, 864, 867, 884, 886- 
888, 892-006 
cost of -, 47, 48 

reconnaissance and detail nicdhods 
in 45 

- formations, resistivity f)f, 665, 830 
geothermal effects (jf 842, 848, 

856, 858 

radioaetivity of 35, 864, 876, 884 
“ in rock porc^s, 76, 880 

- sand : 

radioactivity of 864, 876, 884 
resistivity of 665, 830, 831, 837 

- seepages, 886, 887 
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Oil (cont^dy. 

-in wells, 34, 830, 831, 837-839, 842, 
856, 858,864, 867, 884 
Olefins, 88S 

Oligoclase, density of, 80 
Olivine : 
density of -, 80 
elastic moduli of ~, 467 
Olivine diabase, susceptibility of 314 
Olivine gabbro : 
density of 80 
susceptibility of 313 
Olsen testing machine, 457 
Optical systems: 

- in displacement meters, 455, 456, 930 

- in gravimeters, 127, 129, 132, 133, 134 

- in magnetometers, 301, 321, 322, 332, 

334, 342, 357 

- in pendulums, 101, 102, 105, 107, 109, 

111, 112, 115-120 

- in seismographs, 599, 608, 615 

- in torsion balances, 193, 194, 199 
Ordovician, 46 

vertical velocities in 473 
Ore bodies, location of : 

- by direct and indirect methods, 4, 5 

- by electromagnetic-galvanic meth- 

ods, 30, 31, 50-52, 789-791, 800-809, 
813, 815 

-by equipotential-line methods, 26, 
50-52, 703-706 

- by gravimeter, 50, 161, 162 

- by magnetic methods, 19, 50-52, 

296, 297, 409-422 

- by potential-drop-ratio methods, 29, 

751, 754, 756 

- by radioactivity methods, 35, 51-52 

- by resistivity methods, 28, 50-52, 

739-740 

- by seismic methods, 21, 50, 51, 439, 

502, 520 

- by self-potential methods, 25-27 

“ by torsion balance, 50-52, 286-292 
Ore deposits, classification of, 49-51 
Ores: 

densities of -, 73 
resistivities of -, 659 
Orogenic movements, effect on grav- 
ity, 165 

vibrations caused by 914 
Orpiment, density of, 78 
Orsat pipette, 897 
Orthoclase : 
density of -, 80 
elastic moduli of 467 
Oscillations isee Free oscillations a7id 
Forced oscillations) 

Oscillator, test (see Shaking table) 
Oscillograph, 21, 30, 115, 457, 494, 496, 
497, 503, 552, 553, 598-600, 610, 
614, 651, 758, 762, 898, 940, 943, 954 
cathode ray -, 30, 651, 652, 759, 760 
glow-tube 116, 496 


Osmotic potential {sea Diffusion po- 
tential) 

Out-of-phase comp one nts : 

- of electromagnetic fields, 31, 32. 

622, 625, 626, 764, 769, 779, 782- 
797, 800-806 

- of potential fields, 624, 686-690, 692, 

694, 701, 702 

- of radio fields, 653 
Overburden : 

density of -, 82 
elastic moduli of -, 468, 475 
Rayleigh wave velocity of -, 473 
Overhang, 35, 862 
Overshoot, 585, 616 
Oxidation, 668, 669, 860 
Oxide;^, resistivity of, 632, 657 
Ozokerite, 886, 887 
density of 79 


Pallograph, 580 

Parafin hydrocarbons, 888-892, 895, 896, 
901-905, 909 

Paramagnetism, 7, 299, 423 
Partitioning method, 710 
Peat: 

density of -, 79 
resistivity of 637 
specific heat of 848 
Pegmatite, 50 
Peg models, 378 

Pendulum, 8, 9, 39, 40, 43, 47, 67 , 70, 
97-123 

air-pressure correction for- 118, 119 
amplitude correction for 99, 117, 118 

- apparatus, 108-113 

Askania -, 110, 111 
astatic -, 99, 100 
bronze 108, 118 

Brown 110, 112 

coincidence method for -, 10, 103-107 
companion-, 120 
fictitious -, 101, 102 

- on fixed support, 97-98 

- support, flexure of, 101, 119-123 

- instrument corrections, 116-123 
invar 108, 118 

inverted -, 10, 99, 100, 113, 127 
isochronous 101 

Lejay-Holweck 10, 99, lOO, 112, 113, 
129 

mathematical -, 97-98, 580-581 

- measurements in submarines, 101, 

102, 107, 109 
minimum -, 108 

- on moving support, 101-103 

" observation methods, 103-108 
operation of 103--123 

- period, 10, 97-104, 117-119, 121, 122, 

135 

physical 99 
quartermeter -, 108 
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Pendulum (conVd ) : 
quartz 10, 108, 118 
reference 103 
reversible 99 
-rods, 108 

- survey results, 157-162 
suspended-, 99, 100 

time transmission -, 10, 103-116 
Venittg Meinesz 109-110 
Penetrating radiation {see Gamma ra- 
diation) 

Pennsylvanian, vertical velocities in, 473 
Peridotite: 
density of ~, 80 

- plugs, 56, 418 
susceptibility of 313, 314 

Period: , 

- of gravimeter, 124, 125, 127, 130, 

132, 134 

- of ground motion, 449, 452, 586 
-of pendulum, 10, 97-104, 117-119, 

121 122 135 

- of seismograph, 581, 583, 585, 586, 

591 

- of torsion balance, 86, 178, 195-197 
Periodic motion, 449 
Permeability : 

- for liquids and gases, 743, 835, 836, 

869, 902, 904, 905 

magnetic- (see Magnetic permeability) 
Permeation, 904, 905 
Permian, vertical velocities in, 473 
Petroleum {see also Oil): 
composition of 890 
density of -, 79 
dielectric constant of 665 
heat conductivity of 848 
Petrologic composition (see Mineral 
composition) 

Phantom horizon, 579 
Pharmacosiderite, density of, 78 
Phase : 

- of ground motion, 449 

- logs (seismic), 576, 577 

- shifts, phase differences: 

- in directional hearing, 938-939, 
942, 948, 949, 953, 961 

- of elastic and dissipative moduli, 483 

- in electrical prospecting, 28, 31, 
32, 622, 624-626, 639, 640, 649, 
650-654, 686-6S8, 691, 692, 695, 
696, 702, 752, 753, 764, 766, 769, 
779, 784-793, 803, 804, 806, 807, 810 

- of ground and seismograph, 587- 
590, 618 

- of ground and vibrator, 915, 916, 
920-922 

- of pendulum, 107 

- of temperature variation, 861 

- speed, 921, 923, 925-927 
Phlogopite : 

elastic moduli of 467 
susceptibility of -, 310 


Phone (sec Geophone and Seismograph) 
Phonolite, density of, 81 
Phosgenite, density of, 77 
Phosphate, 54 
density of- 79 
Photoelastic studies, 934 
Photoelectric cell, 112, 113, 115, 116,366 
869, 954, 955 

- well logging, 869 

Photographic recording (see Recording) 
PhylHte: 
density of-, 81 
heat conductivity of 849 
susceptibility of -, 312 
Physical properties of rocks {see Hock 
properties) 

Pickup (see Detector) 

Pierite, density of, 81 
Pipe leaks, 6, 9, 61, 64, 866, 868, 956, 
959, 961, 962 
Pipe lines: 

corrosion of -, 6, 26, 38, 41, 42, 63, 
372, 624, 631, 667, 668, 676, 679, 
680, 681, 752, 754, 755 
location of -, 33, 57, 58, 63, 297, 436, 
624, 627. 765, 818-824 
magnetic enects of 333, 373-405, 436 
Pitchblende, 35, 854, 875, 884 
Placer deposits, 5, 8, 21, 26, 49, 51, 70, 
291, 292, 297, 318, 416, 417, 419, 
421, 439, 501, 502, 624, 628, 667, 
675, 677, 678, 735 

Planetary variation (see Latitude vari- 
ation) 

Planimeter, 154, 155, 236-238, 268 
Plastic shot-hole casing, 491 
Platform {see Scaffold) 

Platinum, 50, 52, 297, 416 
Platinum wire, 197, 701 
Pleistocene toOligoceno, vertical veloci- 
ties in, 473 
Plotting: 

- of (lynamic test data, 923 

- of electrical data, 26, 670, 695, 69(5, 

702, 729, 733, 754, 771, 784 

- of geothermal data, 844, 845 
-of gravity data, 11, 141, 143 

- of magnetic data, 18, 19, 377-380 
-of seismic data, 21, 501, 502, 504, 

505, 509, 510, 536-538, 546, 576, 579 

- of torsi on-halaiico data, 15, 244-250 
Plumb-line deviations (.Sfic V(‘rtical, 

deflection of) 

Poisseuille coefficient, 439, 481 483, 036, 
958 

Poisson's ratio, 439, 443-446, 419, 454, 
457-460, 463, 468, 474, 926, 927 
Poisson's theorem, 393 
Polar: 

- gravity, 96 

- radius, 95, 210, 212 

Polarity, magnetic, 16, 19, 296, 316, 320, 
339, 380 
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Polarization: 

abnormal 19, 43, 296, 316-318, 380, 
401, 405, 419, 425 
dielectric-, 640 
electrode 630 

electrolytic 639, 640, 757, 761-763 
elliptical -, 626, 651-655 
magnetic -, 16, 19, 296, 316, 318, 320 

- potential, 625, 628, 630, 631, 632, 639, 

. 640, 643, 762, 763 

- of radio waves, 651-656 
spontaneous -, 628-630, 668-669, 671- 

675, 678, 762 

Poles : 

earth’s geographic 88, 210-213, 326 

- of magnets, 19, 115, 302, 320, 326, 

330, 336, 343, 350, 351, 364, 374, 
375, 378, 380, 381-384, 388-390, 
406-408, 552, 766, 767, 785, 792 
Polybasite, density of, 77 
Pontian formation, 836, 837 
Pore volume, 76 

Porosity, 33, 62, 74-76, 474, 624, 630, 631, 
634, 743, 830, 835, 836, 849, 864, 
865, 869 

- and grain packing, 634-637 

- determination in wells, 831-839 
Porous pots (see Nonpolarizable elec- 
trode) 

Porphyrite: 
density of -, 81 
radioactivity of 874 
Porphyritic glass, density of, 81 
Porphyry : 
density of 81 
dielectric constant of 666 
heat conductivity of 849 
specific heat of-, 848 
Position-finding, 36, 63, 64, 935, 939-940, 
949, 950, 960 

Potash, 51, 54, 70, 274, 749 
Potassium, 864, 870, 873 
Potassium salt, density of, 79 
Potential : 

electric 7, 8, 25-30, 39, 298, 621, 624, 
625, 628-633, 645, 671-675, 681-684, 
693, 694, 697-699, 701, 707-715, 718- 
729, 745, 746, 748, 752, 757-760, 
762,828, 831,881,882 
electrode -, 628-630 

- gradient, 39, 88, 298, 621, 629, 633, 

670, 673, 674, 681, 683, 707, 754, 756 

- of gravity, 39, 89-94, 170, 394, 797, 

799 

logarithmic -, 145, 150, 253 
magnetic 39, 298, 381, 390, 393 

- methods, electrical, 25-30, 39, 58, 

619, 621-625, 667-764 
Xcw Ionian-, 145, 253 

- of a physical field, 39 

^ratios, 29, _ 621-623, 746-750, 752-757 

secend derivative of -, 39 

self - (see Spontaneous potential) 


Potential (coni' d ) : 

spontaneous - (see Spontaneous po- 
tential) 

vector potential of electromagnetic 
field, 792 

Potentil-drop-ratio method, 29, 40, 60, 
61, 621, 622, 623, 625, 711, 744-757 
equipment for -, 752-753 
interpretation of -, 747-750 
procedure in 752-755 
results of -, 755-757 
theory of -, 745-751 

Potentiometer, 27, 29, 34, 359, 363, 365, 
670, 678, 695, 696, 723-726, 761, 
820, 827, 844 
Pottery, 317 
Power (vibrator), 922 
Power leads, electrical effects of - (see 
Cables, electrical effects of) 

Power lines, 328, 372, 404 
Power stations, 333, 372, 680 
Pre-Cambrian: 
density of -, 81 

- formations, 284, 285, 410, 430, 432 
resistivity of -, 661 

Precious stones, 56 
Pressure * 

air and gas-, 110, 118, 119, 123, 124, 
183, 856, 880, 891, 899, 900, 905, 
929 935 

- of drilling fluid, 631, 832, 842, 857 

- gauge, 119, 899, 909, 932 
gravitational - (see Gravitational 

pressure) 

hydrostatic- 445, 457 
rock -, 474, 477, 914, 931, 934 
solution - (see Solution pressure) 
units of measurement of 452, 453 
Probes (see Electrodes, search) 
Productivity, 33, 831, 837, 839 
Propagation : 

- of radio waves, 810-818 

- of seismic waves, 22-25 , 447-452, 

474-483, 497-499 

“ of sound waves, 935-936, 943-945, 
956-958 

Propane, 888-891, 896, 899, 902, 903, 908 
Prospecting, 3 
Proton, 872 

Proustite, density of, 77 
Pseudohydrocarbons (see Hydrocarbons, 
pseudo) 

Psilomelane, density of, 77, 78 
Pumice stone, 74 
Pyknometer, 71 
Pyrargyrite, density of, 77 
Pyrite: 

density of 73, 78 

- deposits, 52, 73, 290, 292, 623, 704- 

706, 802, 804 
elastic moduli of 467 
resistivity of 657, 659 



990 


SUBJP]CT INDEK 


Pyrite (^conVd ) ; 

spontaneous polarization of 630, 
668, 669, 676 
susceptibility of 310 
Pyrolusite: 
density of 78 
resistivity of -, 657 
susceptibility of 310 
Pyreoxene : 
density of 80 
elastic moduli of 467 
Pyroxenite, density of, 80 
Pyrrhotite, 8, 51, 73, 289, 297 , 300, 317, 
415, 416, 676, 704, 802 
density of ~, 73, 78 

- deposits, 289 

magnetization of -, 310, 314, 317 
resistivity* of 657, 650 
spontaneous polarization of 668, 676 

Q 

Quadrature component (see Electro- 
magnetic field, quadrature com- 
ponent of) 

Quartz : 

density of 73, 80 
dielectric constant of 665 
heat conductivity of 848 
resistivity of 658, 661 
specific heat of 848 
susceptibility of -, 310 
Qnartz-diorite, density of, 80 
Qnartz-porphyrite, density of, 81 
Quartz porphyry: 
density of -, 73, 81 
radioacitivity of 874 
resistivity of 660 
Quartz sand: 
density of 83 

- deposits, 55 

heat conductivity of 849 
specific heat of 848 
Quartz veins, 29, 50, 52, 624, 754-756 
Quartzite: 

elastic moduli of 467 
longitudinal wave velocity of 472 
radioactivity of 875 
Quartz itic slate: 
density of -, 81 
elastic moduli of 467 
Quasi-stationary fields (sc« Fields, 
quasi-station ary ) 

R 

Racom (see Ratioineter) 

Radiation : 

electromagnetic 651, 652, 810, 811, 
871-873 

- impedance, 477-479, 959 
penetrating 35, 54, 863, 864, 871-873, 

876-879 , 881, 884, 885 
radioactive - (see Radioactive radi- 
ation) 


Radio-acoustic position-finding, 63 937 
940, 949-951 
Radioactive: 

- gases, 35 , 870-875, 880, 885 

- ores, 9, 35, 51, 52, 854, 865, 875 

- radiations, 35, 863-865 , 871-873, 878- 

885 

- waters, 61, 870, 873-875, 881, 883, 884 
Radioactivity, 9, 35, 51, 52, 54, 870-876 

878-881, 883-885 

effect of -, on earth teniTXjratures 
853, 854 

equilibrium in -, 873, 876 
measurements of -, 9, 35, 42, 51, 52, 55 
61, 876-883 

- methods, 9, 35, 51, 52, 54 , 55, 61, 

870-885 

operation of -, 876-881 

- of rocks, 873-876 

-well logging, 35, 42, 863-865, 876, 883 
Radio frequencies allotted to geophys- 
ics, 496 

Radio methods, 32, 58, 63, 623, 627, 628, 
809-818 

Radio receivers, 114-116, 496, 497, 815- 
819, 823, 824 

Radio signal transmission : 

- in pendulum work, 19, 106, 113-117 

- in radio-acoustic ranging, 950-951 

- in radio methods, 812-818 

- in seismic prospecting, 20, 496, 497, 

503 

Radio transmitters, 114, 115, 116, 496, 
497, 812, 815-817, 810, 823,824 
Radio waves ; 
attenuation of -, 811, 812 
elliptical polarization of - (see 
Elliptical iJolarizati(^n of radio 
waves) 

Radium, 870, 871-874, 877, 878, 884 

- emanation (see Einaiuitioii, radium) 

- ore 9, 35, 51, 52, 854 , 865, 874, 875 
Radon (see Emanation, radium) 
Railroad: 

- construction, 6 

- investigations, 6, 57, 58, 915, 928 
magnetic effects of 372, 374, 404, 405, 

680 

Raman n effect, 89H 

RAR system (see Radio-acoustic i){)si- 
tion-finding) 

Ratio bridg(i (see Rati<)rn(‘t(;r) 

Ratio comiKinsatcjr (,scc Ratif)in(‘t(ir) 
Hatiomotor: 

electromagnetic-, 30, 31, 753, 754, 764, 
779, 785 , 786, 789 , 803 , 804 
potential-, 30, 31, 4<}, 752-755, 785 
Rayleigh wave, 450, 451, 452, 473, 551 
Rays : 

alpha - (sec Alpha rays) 
beta - (see Rota rays) 
gamma - (see Gamma rays) 
seismic - (see 8eisniic waves) 
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Realgar, deasity of, 78 
Rebound observ'ations, 463-464 
Receivers: 

acoustic - (see Sound receivers) 
seismic - (see Detectors, seismic) 

- in electromagnetic methods, 81, 32, 

763, 765, 778-786 
sound ~ (see Sound receivers) 
radio - (see Radio receivers) 

Record, seismic (see Seismogram) 
Recording: 

- echo sounder, 943, 950, 954, 956 
“ gravimeters, 164 

- magnetometers, 18, 41, 42, 332, 366, 

370 

- pendulum, 102, 105-107, 109, 110, 

113, 115 

- seismographs, 20, 21, 41, 42, 503, 581, 

591, 598, 599, 607, 608, 610-616, 
912, 917 

- sound-ranging devices, 940, 941 

- strain gauges, 41, 42, 929-931, 933 

- torsion balance, 14, 86, 177, 193, 

194, 199 

- well-logging devices, 34, 827, 828, 

843, 844, 864, 867, 869 
Red beds, 736, 738 
Reef, 51, 419, 420 
Reference : 

- coil, 784 

- lead, 695, 696, 759, 760, 781 

- level, 136 

“ pendulum, 106 

- signal, 760 

-transformer, 695, 696, 781, 783 
Reflection, seismic, and seismic reflec- 
tion method, 7, 8, 20, 23, 24, 35, 
40, 43-48, 53, 61, 437, 440, 441, 
450-452, 478-480, 484, 486, 488-490, 
492, 493, 505, 549-579, 862, 921, 963 
average velocity determinations in -, 

■ 23, 568-569 

calculations in 23, 572, 576-579 

- on dipping beds, 562-568 

- equipment, 20, 21, 551-556 
field practice in 25, 569-576 

- on horizontal beds, 557-561 
Reflection factor, 478, 711-716, 718-722, 

725-732, 745-749 , 813 
Reflection of radio waves, 812, 817, 818 
Reflection of sound ^vaves, 867, 935, 
942-944, 951-957, 962, 963 
Refraction, seismic, and seismic refrac- 
tion method, 4, 7, 8, 20-24, 35, 49, 
43-46, 48, 53, 55, 58, 61, 437, 449, 
441, 450-452, 475, 478, 480, 487, 
489, 493, 504-549, 550, 551, 568, 
862, 863, 921, 940, 963 
arc mapping in - (see also Fan shoot- 
ing), 546-548 

curved-ray interpretation in 23, 540- 
546 


Refraction (^cont'd ) : 

- for dipping beds, 521-523 

- for horizontal beds, 506-514 
method of differences in -, 23, 548-549 

- for steps and domes, 514-520 
vertical-ray interpretation in -, 533- 

536 

w^ave-front interpretation in 536-540 
Refraction of equipotential lines, 790 
Refractive index, 480 
Regional : 

- gradient, 240, 241, 246, 251, 262, 281 
• - gravity variation, 141, 160, 162, 281 

- magnetic field, 377 
Relaxation time, 585, 586 
Reluctance : 

- detector (see Seismograph) 
magnetic - (see Magnetic reluctance) 

Reluctivity (see Magnetic reluctivity) 
Remanent magnetization (see 3Siag- 
netization, remanent) 

Residual magnetism (see Magnetism, 
residual) 

Resistance: 

acoustic -, 477-479, 947, 959 
contact - (see Contact resistance) 

- coupled amplifier, 21, 552, 780, 882 
freezing -, 485 , 486 

-, resistor, rheostat, 300, 360, 361, 

456, 494-495, 600, 633, 634, 636, 

639 , 642-648, 650, 670, 671, 683, 

693, 708, 723-725, 745, 752, 753, 760, 
761, 774, 779, 780, 785, 824, 825, 

827, 843, 844, 850, 868, 893, 930, 

931, 938 

seismic 62, 918, 919 

- thermometer, 843, 844, 850 
water 485, 486 

Resistivity; 

apparent -, 28, 642, 708, 715-744, 756, 
828-830, 835-839 
determination of 642-649 

- by A..C. methods, 645-648 

- by D.C. methods, 643-645 

- by high-frequency methods, 648, 
649 

- of igneous and metamorphic rocks, 

660, 661 

- of impregnations, 659, 660 

- mapping, 28, 625, 708, 825 

- methods, 25, 28, 29, 39, 45, 53, 55, 

60-63, 621-623, 625,707-744, 761,825 
electrode arrangements in-, 709-711 
equipment for 723-726 
interpretation in -, 727-735 
procedure in 723-726 
results of -, 735-744 
theory of 711-723 

- of minerals, 657, 658 

- of oil formations, 665-830, 831 , 835- 

839 

- of ores, 659 

- of rocks, 4 , 642-649 , 656-665 
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Resistivity (conVd): 

- of sediiaents, 661-664 

- souading, 28, 625, 708 
temperature coefficient of 639 

- of water, 61, 62, 631, 633, 636-638, 

658 

- in wells, 33, 34, 41, 42, 825-831, 835- 

839 

Resolving power, 39, 40 
Resonance: 
electrical 649, 650 
-frequency (see Frequency, reso- 
nance) 

- radiation, 898 

- of rock specimens, 461, 462, 481, 482 

483 

- of structures and ground, 36, 911, 

918, 919, 921 

- of seismographs, 587-589 
Response (see Frequency response) 
Restoration coefficient, 463-464 
Reversible pendulum, 99 
Rhyolite, density of, 73, 81 
Rhyolite glass, density of, 81 
RiefLer clock, 86 

Riehl6 testing machine, 457 
Rigidity, modulus of, 445-448, 460, 483, 
592 926 927 

Ring induction method, 626, 648, 782, 
783, 796 

Road beds, 57, 441, 928 
magnetic effect of 374 
Road materials, 54, 58, 60, 434, 624, 742 
Rock bursts, 914, 928, 929, 931 
Rock density (see Density) 

Rocking mirror devices, 454-457, 930 
Rock properties, physical, 4, 5, 20, 41, 437 
contrasts on boundaries {see Forma- 
tion boundaries) 
densities, 70-84 
electrical -, 628-667 
magnetic ~, 297-318 
radioactivities of -, 873-878 
seismic 441-483 
thermal 848-849 
Rock resistivity {see Resistivity) 

Rock salt, 51, 54, 291, 292, 736, 738, 740, 
851, 860 
density of -, 79 
dielectric constant of -, 666 
elastic moduli of 467 
heat conductivity of 848 
longitudinal wave velocity of 471 
resistivity of -, 658 
specific acoustic resistance of 479 
susceptibility of-, 310, 312 
thermal conductivity of -, 848 
Rock saw, 642 

Rock temperatures {see Temperatures of 
rocks) 

Roof failure {see Mine caving) 

Rotary drill, 20, 490, 491, 842, 899 
Rotation of the earth, 89, 163, 367 


Rubber, damping resistance of, 479 
482, 947 

Rutile, density of, 78 


Safety : 

- of dynamite, 485-487 
mine - (see Mine safety) 

Saline waters, 54, 638, 658, 816, 833, 867 
888, 929, 943 
Salinity, 60, 869, 943 
Salt (see Rock salt) 

Salt anticlines, 45, 158, 273, 274, 423, 736 
Salt domes, 4, 5, 8, 15, 21, 33, 36, 43-47, 
53, 54, 70, 158, 159, 275, 282, 295 
422-425, 441, 499-501, 518, 579 
738, 739, 806, 806, 817, 851, 852, 
860, 862, 894, 929 
acoustic measurements on 958 
electrical results on -, 738, 739, 805, 806 
gas and oil analysis results on -, 894, 
907, 909 

geothermal investigations of -, 851, 
852, 856 

gravity maxima on -, 158, 278, 281, 282 
gravity minima on -, 158, 159, 275, 
276, 277 

leaching of 929 
magnetic results on-, 423, 424 
pendulum and gravimeter results on-, 
158, 159 

radio field strength measurements 
on- 811, 817 

seismic results on 275, 282, 500, 501, 
518, 579, 862 

torsion balance results on 274-283, 
291 292 

Salt mines, 54, 274, 291, 292, 811, 817 
Saltpeter, density of, 79 
Salt water {see Saline waters; 

Sand: 

density of 74, 76, 83 

- deposits, 54, 55, 742 
dielectric constant of 666, 667 

rain arrangement of -, 634-637 
eat conductivity of 849 
longitudinal wave velocity of 
468-470 

oil - (see Oil sand) 

I porosity of -, 74, 637, 832 
I radioactivity of -, 864 

I resistivity of 637, 664, 833 

I specific heat of -, 848 

i susceptibility of-, 312 

1 water - (see Water sand) 

Sandstone: 

coercive force and remanent magneti- 
zation of 316 
density of 75, 83 
dielectric constant of 666 
elastic moduli of 468 

- formations, 55, 284, 285, 289, 290, 

424, 427 
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Sandstone (conVd ) : 
heat conductivity of 849 
longitudinal wave velocity of 470 
radioactivity of 875 
resistivity of 637, 662, 663 
specihc heat of 848 
susceptibility of 312, 424 
Sapper, detection of, 9, 64, 956, 961 
Sassoline, density of, 78 
Saturation current, 873, 880, 881 
Saturation effect, 622, 698, 707 
Saugus formation, 424 
Sawtran method, 761 
Scaffold, 7, 19, 20, 41, 407, 408 
Scale factor (see aho Model experi- 
ments) , 800 

Scale value and sensitivity; 

- of electroscopes, 876-879, 881 

” of galvanometers, 601, 603, 617, 
670, 780, 841 

- of gravimeters, 11, 125-127, 130, 

131, 13‘4, 135 

- of magnetometers, 17, 300, 322, 323, 

325-330, 335-338, 341, 344, 345, 
353, 367 

- of pendulums, 10, 99, lOO, 101, 104 

- of radio methods and apparatus, 814, 

822 

- of seismometers (see Magiiiffcation) 

- of thermometers, 841, 844 

- of torsion balances, 13, 172, 198-199 
Scattering (see Seismic waves, scattering 

of) 

Schist; 

density of 81 
dielectric constant of -, 666 
longitudinal wave velocity of -, 472 
resistivity of 660 
susceptibility of 312 
Schmidt balance (see Magnetometer, 
Schmidt) 

Sea, measurements at, 41, 101, 107, 109, 
365, 945-956 

Sea level, reduction to (see aho Bougiier 
reduction), 136 

Search coil (see Coil, reception) 

Search electrode (see Electrode, search) 
Secondary electrodes (see Electrode, 
search) 

Secular variation; 

™ of gravity field, 165 
-■ of magnetic field, 370, 372 
Sedimentary; 

- formations, 16, 19, 43, 46, 55, 74-76, 

278, 280, 283-285, 296, 312, 316, 
318, 389, 409, 410, 419-427, 429, 
430, 439, 441, 474-476, 508, 512, 518, 
520, 540, 547, 551, 677, 678, 706, 
736, 738, 740, 743,' 772, 805 , 833, 
836, 846, 847-849, 851, 862, 875, 
904, 906, 908, 999, 029, 960 
iron ores, 51, 52, 414 

- ores, 439 

- rocks (see Sediments) 


Sedimentation : 
effect of- on gravity, 165 
-and subsidence, 929 
Sedimentation deposits, 49, 51, 52 
Sediments and sedimentary rocks; 
olQH'fi/’ 4.74. 

density of -, 74-77, 82-84, 278, 280, 
283-285 

factors affecting elastic properties 
of-, 474, 475 

longitudinal wave velocities of -, 
468-471, 474-476 

magnetic properties of -, 16, 19, 43, 46, 
55, 296, 312, 316, 318, 389, 419-426, 
865 

radioactivities of -, 864, 874, 875 
Rayleigh wave velocity of -, 473 
resistivities of -, 637, 661-665 
specific acoustic resistances of- 479 
specific heats of 848 
thermal conductivities of -, 847-849, 
852 
Seismic : 

- arc mapping, 546-548 

- detector (see Seismograph and De- 

tector) 

- equipment, 20, 21, 503, 504, 505, 551- 

555, 616-618, 862, 912, 915-917 

- fan shooting, 499-504 

- instruments (see also Seismograph) 

20, 21, 503-505, 551-555, 579-618, 
862, 912, 915-917 

- intensity, 477-481, 497, 498 

- interpretation; 

curved ray -, 540-546, 560, 565 

- in fan shooting, 499-502 

- in reflection shooting, 557-567, 
572-579 

- in refraction shooting, 505-549 
vertical-ray 533-536 
wave-front -, 536-540 

- methods, 7, 8, 19, 437-618, 910-928 
method of differences, 23, 548, 549, 

572, 576 

operation of- 489, 490, 498-505, 514, 
522, 525, 546, 548-551, 555, 568- 
576, 615-618 

- records, 22-24, 451, 573-575, 913, 923 

- reflection methods (sec also Re- 

flection), 479-618 

- refraction methods (sec also Re- 

fraction), 549-579 

- resistance, 62, 918, 919 

- unrest, 913 
waves ; 

absorption of - (see Absorption) 
dispersion of -, 480, 497, 921, 9^ 
longitudinal - (see longitudinal 
waves) 

reflection of - (see Reflection) 
refraction of - (see Refraction) 
scattering of 479, 480 
spreading of -, 479, 480 
transverse - (see Transverse waves) 
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Seismic 'wave velocities, 22-24, 44, 439- 
441, 448-452, 454, 464-466, 468-480, 
497, 498, 500, 501, 504, 505-550, 
557-571, 578, 862, 863, 943, 944, 956 
apparent 440, 521-524, 526, 528, 
529, 541, 542, 545, 550, 564, 927, 935 
average -, 23, 24, 25, 42, 441, 568-570 
differential -, 465, 473, 476, 568, 862, 863 
factors affecting 474-477 
horizontal-, 464 

vertical ~, 465, 473, 476, 568, 862, 863 
Seismic well shooting, 23, 34, 35, 465, 
568, 862, 863 
Seismogel, 485 

Seismogram, 22-24, 451, 573-575, 913, 923 
Seismograph {see also Detector): 
Ambronn 612, 613 
Askaaia 609 
Beniof -, 595, 614 
calibration of-, 615-618 
capacitive-, 20, 552, 610, 612, 931, 932 
classification of 579-580 
crystal -, 20, 613 
damping of -, 583-586 
electrical -, 20, 551-552, 592-597, 601- 
607, 609-613, 615, 912, 917, 932 
electromagnetic -, 20, 551-552, 592- 
597, 601-607, 609-610, 917 
Ewing-, 580 

forced oscillations of 586-591 
free oscillations of - 581, 582 
friction in -, 582, 583 
Galitzin -, 580-584 
Gray 580 

horizontal 127, 129, 130, 163, 168, 
580, 917 
hot wire 613 
I.G.E.S. -, 610 

inductive 551, 592-595, 609-611 
mechanical 591, 592, 607-609, 917 
Milne -, 580 
Mintrop -, 607-609 
pallograph 580 
piezoelectric 613 
pressure type 612, 613 
prospecting -, 581, 607-615 
Eebeur-Paschwitz -, 580 
reluctance 552, 610, 611, 862 

Schweydar 580, 609 

series 550 

station 581, 583, 589, 590, 615 
Tanakadate 580 
theory of 580-591 
transients, effect on 589-591 
vertical -, 127, 132, 551, 580, 917 
Vicentini 580 
well detector 568, 862 
Wenner 584, 614 
Wiechert 484, 580, 583 
Wood-Anderson -, 580, 584, 614 
Zoellner 580 
Seismology, 3^ 440 
engineering 441, 910-928 


Seismometer (see Seismograph) 
Self-potential method, 8, 25-27 , 39, 53 
58, 63, 619, 621-624, 667-681 
corrections in -, 675 
electrodes in 669, 670 
equipment in 669, 670 
interpretation in 671-675 
procedure in 670, 671 
results of 675-681 
Seiiarmontite, density of, 78 
Sensitivity (.v‘ee Scale value) 

Series detectors, 550 
Serpentine, 55, 76, 405, 422, 432, 433 
coercive force and remanent mag- 
netization of 316 
density of 80, SI 
heat conductivity of 849 
resistivity of 458, 660, 661 
susceptibility of 310, 312 
Shafts, 57, 58, 407, 740 
Shaking table, 616, 617, 618, 917 
Shale: 

density of -, 76, 83, 84 

- formation, 24, 34, 51, 162, 284-286, 

419, 420, 441, 474, 676, 677, 706, 
735, 736, 738, 772, 836, 864 
longitudinal wave velocity of 470 
resistivity of 661, 836, 837 
susceptibility of 312 
Shallow wells, 862, 865, 866, 868, 880, 
887, 889 
Shear: 

- modulus, 445 

- stresses and strains, 442, 446, 448 

- zones, 742, 754-756, 884, 88,5, ()()4-9()7, 

909, 928-930, 933, 958 
Shell limestone, density of, 84 
Shepard tester, 725 

Ships, measurements on, 41, 42, 945-956 
Shoestring formations, 45, 47, 422, 433 
Shooting, techniejue of, 483-490, 503, 
551 570 571 

Shot-hole drilling, 490-4t)2, 571 
Shot-instant traiisinission, 465, 493-497, 
503, 555 

Shots, placemont of, 489, 490, 503, 550, 
551, 569-571 
Sided te : 
density of 78 
dielectric constant of ()()(> 

- ore, 50, 287 
resistivity of 658 
susceptibility of 311 

Side-wall sampling, 47, HG9 
Siemens compensator, 843, 84-1 
Silence zones, 935, 936 
.Silica content: 

effect of -, on elastic* projxu'tics of 
rocks, 474 

effect of on rock density, 73 
effect of-, on rock magntitisin, 314 
Siliceous lime, density, 81 
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Silt : 

deasity of 74: 
resistivity of 664 
Silver: 

damping resistance of 482 
density of 78, 77 
- ore, 50 

Sine galvanometer, 365, 366 
Sine (deflection) method, 349, 364, 365 
Skin effect, 681, 685, 686, 757, 758, 801, 811 
Slabs : 

magnetic anomalies of- 397 
torsion balance anomalies of 256, 257 
Slate : 

conductive 659, 66D, 705 
density of -, 81 
paphitic 678 
keat conductivity of -, 849 
longitudinal wave velocity of 472 
magnetic 50, 419 
radioactivity of 875 
resistivity of 659-661 
specific heat of 848 
susceptibility of 312 
Slope: 

electrical (surface potential) effect of 
-, 722, 748-749 

gravity anomaly of -,151, 153 
magnetic effect of 376, 397 
seismic effect of 521-533, 538, 547, 
562-568 

torsion balance anomalies of 259, 
260, 261 

Smaltite, density of, 77 
Smithsonite, deasity of, 78 
Snell’s law, 504, 533, 541 
Snow, density of, 79 
Soapstone, 55 
Sodium chloride, 26, 638 
Soil: 

acidity of -, 689 
density of 82, 83 
dielectric constant of -, 666, 667 
longitudinal wave velocity of 468 
radioactivity *of 874 

specific acoustic resistance of 479 
specl.^^' heat of 848 
Soil air, radioactivity of, 874 
Soil analysis, 5, 35, 45, 47, 885-910 
operation of 900 
Soil condenser, 649-651 
Soil gas (see Gas) 

Soil-resistivity Vjridge, 646, 647 
Soil-testing methods (dynamic), opera- 
tion of, 92U923 
Soil wax {see Wax) 

Solar tides, 163, 164 
Solution deposits: 
autogenetic 49, 51 
heterogenetic -, 49, 59 
Solution pressure, 26, 629, 630, 668 


Sound: 

absorption of 935, 936, 943, 958 
directed transmission of 937, 945, 
946, 949 

- frequencies (see Acoustic frequen- 

cies) 

- intensity, 477-481 
propagation of abnormal, 936, 942 

- range in; 
air, 936, 937 
earth, 957-958, 960 
water, 940, 944, 945, 951 

- ranging, 9, 36, 37, 41, 42, 59, 63, 64, 

940-942, 949, 950, 960 

- receivers, 937, 938, 947-959, 953-956, 

959, 960 

reflection of -, 867, 943, 944, 952, 957, 
962, 963 

refraction of -, 943, 944, 957, 963 
shot-instant transmission by 494, 503 

- transmitters, 936, 937, 945-947, 949, 

950, 952-956, 958 

- velocity in: 

air, 867, 935, 940, 941, 943 
earth, 468-472, 956 
water, 943, 944, 949, 950 
Sour dirt, 886, 887 

Southern hemisphere, 211, 212, 293, 295, 
412, 416, 418-420 
Soxhlet extractor, 901 
Space wave, radio, 651, 652 
Spectrograph, mass, 898 
Specular hematite {see Hematite, specu- 
lar) 

Speeularite (see Hematite, specular) 
Sphalerite (zincblende, zine sulfide) : 
density of -, 74, 78 

- deposits, 52, 804 
dielectric constant of -, 666 
resistivity of 657, 659 

Sphere: 

displacement of equipotential lines 
by -, 697-700 
gravity anomaly of 146 
magnetic anomaly of -, 390, 391, 392 
resistivity anomaly of 723 
self-potential of -, 672-674 
torsion balance anomaly of 254-256 
Spinel, density of, 78 
Spontaneous : 

- polarization {see Spontaneous po- 

tential) 

- polarization method {see Self-poten- 

tial method) 

- potential, 26, 33, 619, 621, 623, 624, 

628-631, 667, 668, 676-681, 825, 
831-839, 869 
Spring : 

- constant, 99, lOO, 124, 449, 461, 581, 

582, 591, 595, 596 

- sediments, 875 

- water, 60, 61, 875, 881, 883, 884 
Stakes {see Electrode, search) 
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Static nxaguification (see Magnification, 
static) 

- methods of measuring gravity {see 

Gravimeter) 

Station factor, seismic, 913 
Steel, damping resistance of, 482 
Steel objects, effects of, 332, 333, 373- 
375, 404, 425 

Step outs in seismic records, 567, 563 
Stethoscope, 948, 959 
Stitnite : 
density of -, 78 
resistivity of 657 
Storms, magnetic, 570 
Strain and stress relations, 442-447 
Strain gauges, 454-456, 928-934 
carbon-, 930-931 
electrical 456, 930-933 
inductance -, 932, 933 
mechanical 454, 929, 930 
optical ”, 455-457, 930 
telemeter 930, 931 
ultramicrometer 931-932 
Strain gauging, 9, 36, 41, 42, 58, 62, 911, 
928-934 

Strain recorder (see Strain gauge) 
Stratification and physical anisotropy 
{see Anisotropy) 

Stratified ground, investigations of, 20, 
22, 28, 32, 44, 53, 60, 61, 150, 416, 
417, 419, 437, 476, 621, 622, 624, 

625, 626, 699, 700, 707, 738, 740, 
744, 747, 748, 751, 774, 790-800, 
804-806, 828-837, 852 

Stratigraphic : 

investigations Stratified ground) 

- traps, 907 

-variations (shallow) (see Near -sur- 
face interference) 

Stresses: 

mechanical 16, 442-447 
normal 443-445 
shearing 446, 447 
tangential 446, 447 
ultimate 918, 919 
units of measurement of 452, 453 
Stringers: 

magnetic -, 376, 404, 414 
self-potential anomalies of 670, 677 
String galvanometer, 359, 609 , 610 , 613 
Stringocephalus lime, 772 
Stroboscopic coincidence method, 104- 
106 

Structural studies : 

- by electromagnetic methods, 623, 

626, 771-773, 791-800, 804-806 

- by equipotential-line methods, 624, 

706 

- by gravity methods, 70, 158-161, 

290-292 

- by self -potential methods, 678 


Structural studies {conVd): 

- by torsion balance, 70, 273-288 

290-292 

- by well logging, 804-806, 836, 837, 

853, 864 

Subaqueous {see Underwater) 

Subdrift topography (see licdroek depth 
determination) 

Submarine: 

detection of-, 9, 41, 59, 64, 949, 950-952 
measurements in 41, 42, 101, 107, 
109, 947, 949, 951 

- signaling, 484, 045-949 

- transmitter, 484, 945-947 
Subsidence, 36, 63, 914, 928-930, 933 
Substitution method, 644, 646, 650, 651 
Subsurface bodies {see Geologic bodies) 
Suess balance, 193, 194, 201 

Sulfide: 
nickel 52 

- ores, 4, 8, 34, 35, 50-52, 162, 417, 

624-626, 632, 642, 668, 675, 704, 705, 
739, 802-804, 809, 817 
resistivity of 657 
zinc - (see Sphalerite) 

Sulfur: 

density of 79 

- deposits, 53, 70, 740 
dielectric constant of - , OOf) 
resistivity of 658 

Sun: 

efieet of on gravitational field, 
162-164 

magnetic field of 317 
Sundial, 346 

Superdip, Hotchkiss, 17,342-344,379, 430 
Surface anonialies (see Xcar-surface 
interference) 

Susceptibility: 
electric 640 

magnetic - (see Magiiiq-ic HURoep- 
tibility) 

Suspension : 
bifilar-, 11, 130, 131 
ginibal -,102, 103, Ji0,*;i52 
-of torsion balance, 175, 184, 18(), 
187, 196-198 

trifilar , 11, 128, 131, 132 
^ Zoellner - 191, 192, 580 
Swedish mining compass Csee (h>nii)aKH) 
Syenite : 
density of 80 
dielectric; constant of-, 60f> 
magnetic anonuilics f)f , 417 
radioactivity of -,874 
resistivity of-, 669, 661 
specific heat of - , K4S 
vSy eni te-porphy ry : 

coercive force and remanent magne- 
tization of 316 
susceptibility of 313 
Sylvanite, density of, 77 
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Sylvite: 

density of 79 
susceptibility of 310 
Synclines, 15, 61, 151, 153, 161, 252, 259, 
262, 263, 396, 400, 772, 773 


interpretation method, 726-731 
c: 

density of -, 80 

- deposits, 55 

Tangent galvanometer, 365 
Tangent naethod, 349, 365 
Tank experiments, 701, 734, 735 
Tank farms, magnetic effects of, 374 
Tanks, water, 912 
Taylor seismograph, 609 
Taylor shale, 285 
Telemeter, 930, 931 
Telescope, zenith, 113 
Tellurides, resistivity of, 657 
Temperature : 

- coefficient of resistivity, 639 

- coefficient of torsion we, 197 

- correction for pendulum, 118 
effect of on gravimeters, 133, 134 . 
effect of -, on magnetometers, 326-328, 

331, 337, 338, 366, 367 
effect of ”, on rock magnetism, 16, 317 
effect of ”, on torsion balance, 197, 198 
“ gradient {see Gradient, geothermal) 
low 899 

” measurements in wells, 9, 33, 41, 42, 
47, 837-862 

- of rocks, 839, 844-853 
transient causes of, 853-860 

” variation, diurnal and annual, 860- 
862 

Tension tests, 457 

Terraces, 45, 70, 514, 516,517, 520, 521, 529 
Terrain : 

-corrections and effects, 11, 14, 71, 
137-140, 169, 213-240, 375, 376, 
509, 551, 622, 623, 702, 703, 763, 
771, 808, 809, 815, 860, 861 
~ in relation to geophysical operations, 
6, 48 

Terrain-clearance indicator, 64, 813, 
817, 942 

Terrestrial magnetism, 3 
Terrometer, 628, 823 
Tertiary formations, density of 82 
Test block {see Shaking table) 

Testing methods; 

- for density, 71, 72 
dynamic 914-928 

- for elasticity, 452-466, 927 

- for electrical properties, 642-656 

- for magnetism, 297-309 

- for radioactivity, 876-883 

- for thermal properties, 849-951 
well -, 825-869 

Tetrahedrite, density of, 78 


Thal4n-Tiberg magnetometer, 349 
Thenardite, density of, 78 
Theodolite, magnetic, 355-358, 366 
Thermal conductivity, 847-853, 8^ 
Thermal detection, 9, 64 
Thermal diffusivity, 846, 847 , 860, 861 
Thermal gradient (see Gradient, geo- 
thermal) 

Thermocouple, 840, 841, 843, 850 
Thermoelement, 844 
Thermometer: 
bimetallic-, 843 
Bourdon tube 366 

- carriers, containers, 841 , 842 
maximum 841, 842, 843 
mercury -, 321, 334, 840, 841 
overflow -, 841 

resistance -, 840, 843, 850 
thermocouple - {see Thermocouple) 
Thermonatrite, density of, 78 
Thermostat, 133 
Third curve, 829 

Thomsoii-Tlial6n magnetometer, 347, 
348, 351 

Thorium, 879, 872-874, 877 
Three-dimensional geologic bodies, 
144-150, 153, 250, 253-258, 265, 266, 
269, 270, 375, 381-385, 390-395 
Tides, 163, 164 

eff'ect of on gravity, 165, 166 
effect of on torsion balance, 166 
Time constant, 757, 758, 760-762 
Time gradient, 557, 558, 564-566 
Time signals {see also Transmission of 
time signals and Shot-instant 
transmission), 106, 113-115 
Time variations of gravitational field, 
162-167 

Time variations of magnetic field, 367- 
372 

Timing, time marking, 20, 464, 465, 
552, 555, 614, 615 
Tin, 51, 73 

Titanite, density of, 78 
Titano-magnetite, 314 
Tonpilz, 946, 948 
Topaz, density of, 89 
Topographic correction {see Terrain cor- 
rection) 

Topography {see Terrain) 

Top soil {see Soil) 

Torsion balance (Eotvos) 8, 9, 11, 13, 40, 
45-48, 52, 53, 55 , 61, 179-292 
Askania 193-195 
Bamberg-, 193 
Berroth 191 

calculation of results, 199-210 
Cavendish -, 85 

- coast effect, 241-242 

- corrections, 210-244 

- equations for three positions, 180 

- equations for four positions, 181 

- equations for five positions, 183-184 



998 


SUBJECT INDEX 


Torsion balance (confd): 

Fechner 193 
Gepege 194 

graphical representation of data, 244^ 
250 

Eaalck 186 
Haff 194 
Hecker 186 
interpretation: 

~ diagrams (Barton), 266, 267 

- diagrams (Numerov), 265 

- integraph (Askania), 269-270 

- method (Below), 268 

- of results, 14, 15, 215-270, 393 
Eilchling 189 

magnetic 303, 355, 380 

- in mining, 286-292 
Nikiforov-, 194 
Numerov 187 
Oertling -, 193 

- in oil exploration, 272-286 
operation of 206-210, 239-240 
principal equation of 178 
principle of -, 13-15, 170-178 

- regional gradient, correction for, 

240-241, 246, 251, 262, 281 
-results, 270-292, 409-411 
rotating -, 189 
Bybar 194 
Sehweydar 194 
sensitivity of -, 198, 199 
Suess 193, 194 
Tangl -, 194 

- terrain corrections, 71 , 75, 213-240 
theory of -, 175-192 

tilt beam ~, 13, 194, 195 
Tsuboi 193 

-underground corrections, 242-244 
Z beam -, 194 

Torsion coefficient {see Coefficient) 
Torsionless position, 14, 177, 178, 179, 
184, 199, 200, 204, 206 
Torsion tests, 460 

Torsion wire, 11, 13, 177, 178, 194-198,342 
calibration of 195-197 
Total intensity (magnetic), 16, 293, 
295, 319, 342-344, 364, 379-390, 
400, 418 

Tourmaline, density of, 80 
Trachyte: 

density of 81 
heat conductivity of 849 
radioactivity of 874 
Transceiver, 497, 955 
Transducer, 552, 591, 593, 595, 933 
Transformer : 

differential 696, 820 
reference-, 695, 696, 781, 783 
Transients : 

electrical - {see also Eltran methods), 
30, 625, 757-763 
seismic -, 587, 588, 590 


Transmission: 

- constant, 594, 595, 602, 603, 606, 617 

- factor, 81 1 

- of time signals iind shot instant, 10 

20, 106, 113-117 , 465, 496, 497 , 503 
504, 950, 951 

Transmission and reception points, spac- 
ing of, 7, 19, 437, 621-623 
Transmitters: 
coil 821-824 

- in electromagnetic prospecting, 774- 

778 

radio-, 114-116, 496, 497,812, 815-817, 
819, 823, 824, 950, 951 
sound -, 936-937, 945-956 
Transportation, 6, 44 
Transverse: 

- waves, 447 , 448, 450-452, 472, 473, 

913, 926 

- wave velocities, 472-474, 913, 927 
Trap rock: 

density of 75 

heat conductivity of -, 849 

resistivity of 661 

Travel time, 4, 29, 22, 44, 484, 494, 497, 
498, 500, 502, r>()4-5C)7 , 509-517, 
519, 521-525, 527, 528, 533-536, 

541-544, 546-549, 556 572, 576,578, 

570, 863, 940, 941, 944, 952 
Trav(d-time curve, 441, 451, 499-502, 

59^1-512, 514, 516- 522, 525 529, 531, 

534, 537 542, 544 -546, 557, 5(K), 
561, 863 

Trea8ur<‘ find(‘rs, 33, 63, 818 8*24 
higli-freqmmey - , 629, 821 824 
low-freqii(‘iic 3 ; - , 627, 819 821 
Trifilar suspcuision, II, 128,131, 132 
Trolley lines, 372, 680 
Tuning facdor, 481, 587-589, 590, 601, 
602,604-607 

Tuning fork, 555, 615, 618 
Tungsten, 50, 52 

Tunnel investigations, 6, 14, 57, 58, 
63, 376, 404-407, 741, 863, <428 930, 
933, 959- 962 
Ihirbidity, 897 

T\viu-p(m<luluni in(‘tli(Kl, 191, 102, 121- 
123 

Two-dinumsionid gCMilogic 144- 

146, 150, 157, 169,243, 247, 251, 252, 
254, 257-270, 38<t-- 38H, 395-400, 768 
relation of to ihr(*<'»(liincnHi< )nal 
bodies, 257, 258 

r 

Uley graph it<', 756 
Ultraraicromet er, 125,931, 032 
Ultrasonic tramsiniHsion, 945 949, 952, 
953 

UnconforniitieH, 5,551, 864 
Unconsolidated form at ions, 23, 61, 74, 
452, 468, 474 -470, 603, 064 
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■Underground: 

- measurements, 14, 19, 41, 54, 242-244, 

291, 292, 404-407, 411, 413, 739, 
811, 816, 817, 863, 884, 928-933, 
959-962 

- openings, 14, 36, 242-244, 292 

- workings, 14, 36, 62, 405, 815, 845, 

855, 860, 863, 928-930, 933, 958-962 
Underwater: 

- gravimeter, 109 

- pendulum apparatus, 101, 103, 109, 

110 

- resistivity surveys, 738 

- sound receiver, 947-956 

- sound transmitter, 945-956 
Undograph, 937 
Uraninite, density of, 77 
Uranium, 35, 51, 52, 870, 872-875, 880 

V 

Vacuum, free fall in, 123 
Vagabondary currents, 63 
Valentinite, density of, 77 
Vanadinite, density of, 77 
Vanadium, 51, 52 
Variation: 

annual temperature 860-862 
artificial magnetic -, 372 
diurnal magnetic 41, 42, 331, 332, 
366-369, 371 

diurnal temperature-, 860 

- of gravity field, 162-167 

“ recording, 18, 41, 42, 63, 164, 331, 
332, 366-372, 755 
secular -, 370, 371 

stratigraphic (shallow') (see Near- 
surface interference) 

Variometer: 

gravity - (see Torsion balance) 
magnetic - (see Magnetometer and 
Observatory) 

V^ector potential (see Potential) 

Vectors, anomalous, 378-380, 405-497, 
411, 413, 417, 418 

Vehicles, measurements in, 41, 42 
Veins, 29, 50, 52, 150, 162, 259, 260, 264, 
287, 385, 395, 396, 413, 624, 625, 
729, 740, 749-751, 755, 774, 803, 
816, 883, 884 
Velocity: 

apparent - (see Seismic wave velocity, 
apparent) 

average - (see Seismic wave velocity, 
average) 

bar 461, 463, 482 

differential - (see Seismic wave ve- 
locity, differential)^ 
light - (see Light velocity) 
phase - (see Phase speed) 
seismic - (see Seismic wave velocity) 
Hound - (see Sound velocity) 
vertical - (see Seismic wave velocity, 
ve rtical) 


V ertical : 

- balance (see Magnetometer, Schmidt 

vertical) 

- component (see Vertical component) 
deflections of 70, 167-170 

- electrical drilling (see Resistivity 

sounding) 

- gradient of gravity, 70, 136, 169, 

190-192 

- gradiometer (see Gradiometer) 
-intensity, 16-18, 295, 302, 320, 321, 

323, 326-328, 335-337, 339-341, 

344, 345, 348, 378-402, 405-412, 
414-417, 420, 423, 425-429, 431, 
432, 434-436 
-loops (see Loops) 

- m^netometer (see Magnetometer, 

Schmidt vertical) 

- ray interpretation, 533-536, 549 

- shooting, 23, 557, 560 

- seismograph (see Seismograph) 
-variation of seismic and sound 

velocity, 23, 474, 476, 533, 540-546, 
560, 565, 935, 936, 943, 944 
-velocity (see Seismic wave velocity, 
vertical) 

- velocity gradient (see Vertical varia- 

tion of seismic and sound velocity) 
Vertical component : 

-.of gravity, 88, 124, 164, 168 

- of ground and building vibration, 20, 

551, 918 

- of electrical field (see Electrical field) 

- of electromagnetic field (see Electro- 

magnetic field) 

- of magnetic field (see Vertical in- 

tensity) 

Vibration: 

acoustic - (see Acoustic waves) 
blasting 36, 911, 913, 931 
bridge 912, 915, 917 
building 6, 36, 911, 912, 918, 919 
dam -, 912 

- damage, 9, 910, 911, 913 

- detector, 866, 867, 916 
earthquake 36, 912, 918 
flexural 912, 919 

forced 36, 62, 461, 481, 586-591, 911, 
912 917-919 

free 62, 86, 97, lOO, 356, 449, 461, 
582-586, 598, 615, 616, 911, 912-914 
frequency of - (see Frequency) 
ground — , 912-914, 919-925 
industrial 36, 910 
pipe -, 866, 867, 982 

- recording, 36, 58, 912-928 

- of roads, 6 

- of rock specimens: 
longitudinal vibrations, 462-463 
torsional vibrations, 461-463 

shear 912, 919 

- testing, 9, 36, 41, 911 
torsional 912 
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Vibration (cont^d ) : 

traffic-, 36, 41, 42, 913 
Vibrator, 20, 36, 484, 911, 915-917, 919-927 
Vibrographs, 581, 912-917 
Villari effect, 317 
Viola lime, 46 

Viscosity, 481, 631, 639, 736, 995, 958 
Vitrophyre, densityof, 81 
Vivianite, density of, 78 
Volcanic rocks: 
densities of -, 73, 81 
deposits of 416, 419, 424, 434, 855 
elastic moduli of -, 467 
magnetic properties of 313-318 
resistivities of-, 659 
Volcanism, 3 

effect of -, on geothermal data, 853- 
855, 858 

effect of on gravity, 165 
Volcanoes, mud, 886, 887 
Volcanology, 3 

Voltmeter, vacuum tube, 31, 617, 626, 778 
Volume control, automatic, 21, 552 
Volumetric method of measuring grav- 
ity, 124 

W 

Wall failure {see Mine caving) 

Walters Arch, Okla., 161, 430 
arf are * 

aerial 59, 63, 64, 941, 942 
chemical -, 59, 64 
land 59, 63, 64, 940, 958 
.marine 59, 63, 64, 949, 951 
Washburn-Bunting method, 835 
Water, 5, 6, 8, 47, 58-62, 76, 433, 475, 633, 
636-639, 641, 743, 744, 757, 812, 
817, 830-840, 842, 847 , 853-858, 
866, 869, 870, 873-875, 881, 883, 884, 
886-888, 895, 896, 899, 900, 906, 
934, 935, 943-956, 959, 963 
bromine 886, 887 
cavern -, 60, 61 

connate 60, 62, 631 , 638, 830-833 
resistivity of ~, 638, 832, 833 

- content (see Moisture) 
dielectric constant of 633, 665 
direct location of 5, 61, 812, 834, 836, 

857, 866, 869, 883, 959, 961, 963 

- encroachment, 858 

fissure -, 60, 61, 623, 735, 738, 739, 875, 
885, 906, 908 

- flows {see also Pipe leaks) , 834, 854, 

857, 858, 866, 869 

ground 60, 61, 62, 743, 744, 812, 963 
dielectric constant of -, 655, 665 
resistivity of 638, 655 
heat conductivity of 848 
iodine 886, 887 

- leak {see Pipe leaks) 

- le^el, changes in, 165 

location of ~, 47, 60, 61, 62, 433, 624, 
625, 743, 744, 812, 830-840, 856-858, 
866, 867, 869, 883, 959, 961, 963 


Water (confd) : 

longitudinal wave velocity of 468. 
943 

meteoric -, resistivity of, 638 
mine resistivity of, 638 
movement of {see also Pipe leaks and 
Water flows), 631, 667, 906, 961 
radioactivity of - (see Radioactive 
waters) 

resistivity of 61, 62, 631, 633, 636- 
638, 655 

river resistivity of, 658 
saline - (see Saline waters) 

-sands, 636-638, 744, 830, 831, 833, 
834, 836, 838, 857, 858 
soil resistivity of, 658 
sour 886, 887 

spring-, 60, 61, 875, 881, 883, 884 
stratigraphic location, of -, 61, 743, 
744, 756, 757 

structural location of -, 61, 433, 743, 
744 

surface -, resistivity of, 658 
-in wells, 34, 830-840, 842, 853-858, 
866, 869 

Wave front, 506, 507, 536-539, 623 
Wave-front diagrams, 536-540 
Wave length, 652, 655, 810-818, 881, 927, 
937, 938, 945, 957 
Waves: 

acoustic - {see Sound waves) 
elastic - {see Seismic waves) 
longitudinal - (see Tjongitudinal 
waves) 

Love ~ (see Love wave) 
radio - {see Radio waves) 

Rayleigh - {see Rayleigh waves) 
seismic - {see Seismic waves) 
sound - (see Sound waves) 

Wax, 36, 886-888, 899, 991, 903, 901, 908, 
910 

Weathered layer, 23, 474, 475, 499, 538, 
534, 540, 548, 550, 571-573, 576, 
578, 862 

longitudinal w'ave velocity of 468, 
474, 475 
Weathering: 

effect of on density, 74, 75 
magnetic effect of 318, 376 
W^eathering correction, 24, 548, 549,571- 
573, 576, 578, 579, 862 
Weathering deposits, 51 
Weight: 

determination of-, 71 
falling as seismic energy source, 
483-484 
Well casing: 

magnetic effects of 374, 375, 425 
plastic 491 
Wellington shale, 83 
Well surveying, 863, 866 
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Well testing, well logging, 6, 9, 33, 45, 
825-837 

acoustic-, 866-867 
electrical 825-837 
gamma ray 876, 883 
gas detection 868, 869 
geothermal -, 837-863 
magnetic 865-867 
photoelectric 869 
radioactivity- 863-865, 876, 883 
seismic 862, 863 
temperature 837-863 
Wells: 

deep - (see Beep wells) 
shallow - (see Shallow wells) 

Well shooting, 23, 34, 35, 465, 568, 862-863 
Wenner-Gish-Rooney method (see Gish- 
Rooney method) 

Wertlieim effect, 317 
Wheatstone bridge, 29, 363, 613, 644, 645, 
745, 827, 843, 844, 868, 931, 932, 938 
Wiedemann balance, 303 
Wilson balance, 303 
Wireless eommiinication (see Badio) 
Wire transmission, 10, 20, 114, 465 , 494- 
497, 504 
Wolframite: 
density of 77 
resistivity of- 657 
susceptibility of-, 310 


Wood: 

density of 79 
fossil 876 
Woodbine sand, 835 
density of 83 
Wulfenite, density of, 77 


X rays, 871-873 


Young’s modulus, 100, 438, 439, 443, 445, 
446, 454, 457-461, 463, 464, 465, 467, 
468, 474, 475, 482, 483, 485, 591, 
849, 927 

Z 

Z beam torsion balance, 193, 194 
Zeiss galvanometer, 609, 893 
Zeolitization of lav-as, 51 
Zinc, 73 

Zincblende (see Sphalerite) 

Zincite, resistivity of, 659 
Zinc sulfide (see Sphalerite) 

Zircon, density of, 80 
Zoellner suspension, 191, 192, 580 
Zoisite, density of, 80 
Zones, contact metamorphie (see Con- 
tact metamorphism) 
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Aachen, Germany, 422 

Abana mine, Quebec, 417, 739 

Abraham, M,, 648 

Ackley, "W. T., 960 

Adams, C., 429 

Adams, P. D., 457, 458 

Adams, L. H., 458, 465, 467, 468, 477, 844 

Adirondacks, 51 

Africa, 50, 56, 419, 578, 679, 812 

Aguerrevere, P., 363 

Ahrens, ‘W'., 434, 435 

Alabama, 51, 430 

Alabama Hills, Calif., 472 

lland, Finland, 314 

Alaftkfi fil 416 

Albert^ Canada, 468, 469, 470, 756 

Aldredge, R. F., 722 

Aldrich, H. R., 413 

Alexander the Great, 886 

Alexanian, C., 427, 848 

Algeria, 660, 663 

Alleghany County, C., 740 

Allen dome, Texas, 278 

Allen, T. L., 472 

Allschwill, Alsace, 427 

Alps, 370 

Amagat, E. H., 458 
Amarillo, Texas, 47, 284, 429, 430, 432 
Ambronn, R., 79, 306, 341, 612, 613, 625, 
666, 691, 841, 863, 880, 884, 885 
American Askania Corporation (see As- 
kania) 

Amu-Darya River, U.S.S.R., 886 
Anadarko basin, 161 
Anadarko, Oklahoma, 371 
Anderson County, Kansas, 433 
Angenheistor, G., 342, 365, 469, 471 
Ansel, E. A., 536, 538, 539, 540 
Anse La Butte dome, La., 424 
Antonov, P. L., 905, 909 
Appalachian Mountains, 50 
Apsheron (Peninsula), U.S.S.R., 160, 
738, 886, 909 
Aqiiagel, 491, 571 
Arad, Hungary, 283 

Arbuckle Mountains, 160, 161, 284, 430, 
431 

Ardmore Basin, Oklahoma, 161 

Arizona, 50, 659 

Arkansas, 50, 51, 52, 56, 417, 418 


Arsonval, d’, 552 
Asia Minor, 310 

Askania, 10, 13, 17, 109, 110, 111, 115, 
116, 126, 157, 178,* 187, 193, 194, 195, 
198, 199, 208, 222, 238, 240, 269, 322, 
324, 326, 329, 331, 332, 334, 356, 357, 358, 
362, 609, 892, 893 
Athy, L. F., 75 
Atlanta area, Arkansas, 910 
Atlas Powder Company, 484, 485, 487, 
488 

Atlas Werke, 947 
Aubure, Alsace, 427 
Aurand, H. , 369 

Australia, 53, 468, 469, 470, 472, 660, 705 
Austria, 471 
Ayvazoglou, W., 201 
Azerbeijan, U.S.S.R., 160 

B 

Babylon, Asia, 886 
Bacon, R. H., 363 
Bagratuni, Armenia, 422 
Bahnemann, F., 412, 419 
Bahurin, J., 310, 311, 312, 390 
Baicoi-Tintea dome, Rumania, 277 
Baird, J., 748 

Baku, U.S.S.R., 160, 738, 886, 909 
Balachany, U.S.S.R., 160 
Balaton Lake, Hungary, 271, 312 
Balcones fault zone, Texas, 805 
Baldock, England, 666, 667 
Bamberger, M., 876 
Banat, Rumania, 287 
Banos, A., 386 

Barber's Hill dome, Texas, 424 
Barnes, H. T,, 952 
Barnett, S. J., 365 
Barrel!, X, 77, 80, 83, 84 
Barret, W. M., 304, 305, 306, 373, 374, 
375, 403, 404, 423, 424, 426, 428, 432, 
628, 816 

Barseh, 0., 469, 470, 472, 493 
Barton, D. C., 44, 79, 82, 84, 135, 241, 
248, 266, 267, 278, 280, 281, 282, 283, 
285, 470, 471, 499, 500, 501, 863, 888 
Bastrop County,^ Texas, 432 
Bauer, L. i., 365 
Bavaria, 660 
Bazzoni, C’. LL, 931 
Beckham County, Gkl:i., 430, 432 
Bee County, Texas, 426 

1003 



1004 


XAxMK AM) FLACK IXDKX 


Beekmantown, Ont., 84 

Behm, A., 936, 942, 945, 953 

B4hoiinek, F., 875, 884 

Beienrode, Germany, 79, 83, 84, 291, 292 

Belgian Congo, 660, 884 

Belle Isle dome. La., 278 

Bellinzona, Switzerland, 312 

Belkigi, A., 767, 769 

Benioff, IL, 593, 595, 614, 033 

Benthen, Germany, 423 

Berezniaky, U.S.S.R., 278 

Berg, J., 345, 349, 405 

Berggiesshuebel, Saxony, 406, 412 

Bergmann, L., 944, 947 

Berlage, H. P., 127 

Berroth, A., 96, 109, 114, 119, 130, 133, 
191, 355 

Beuerman, W., 468 
Beyer, G., 308, 309 
Beyschlag, F., 73 
Bibi Eibat, U.S.S.R., 160, 738 
Biddle, James G., Company, 725 
Bielgorod, U.S.S.R., 409 
Big Lake field, Texas, 909 
Birnbaum, A., 291 
Bjurfors, Sweden, 704, 705 
Bjurliden, Sweden, 704 
Black Forest, Germany, 884 
Blankenbiirg, Germany, 884 
Blau, L. W., 827 
Blondeau, E. E., 817 
Blue Ridge dome, Texas, 278 
Bock, R., 363 

Boeckh, H. v., 273, 274, 283 

Boedeoker, II., 931 

Bogoiavlensky, L. N., 881, 884 

Boliden, Sweden, 125, 704, 803 

Bonner Springs, Kansas, 83 

Boreslau, Poland, 310 

Born, A., 874, 875 

Born, W. T., 465, 467 

Borne, G. v. d., 884 

Borough, W-, 346 

Bourdon tube, 366 

Bowen, A. R., 890 

Boyer, 660, 661 

B rammer, E. B., 365 

Braiikstoiie, Gealy, and Smith, 83, 84 

Brazil, 50, 312, 314, 433 

Brazoria County, Texas, 760, 7B1, 010 

liridgman, P. W., 457, 458 

Brillf>uiii, M., 292 

Bring, G. G., 311 

Brinkmeier, (L, 423 

British Admiralty, 953, 954 

British Columbia, 51, 416 

Brockamp, B., 469, 471, 472 

Brown, Hart, 130 

Bruckshaw, J. McG., 783, 784 

Bruner field, Texas, 805 

Briix, 310 

Bryan, A. B., 132 

Buchanan field, Texas, 433 


Buchans mine, Newfoundland, 705, 756 

Bucovul anticline, Rumania, 277 

Bukhara, U.S.S.R., 886 

Burbank pool, Calif., 856 

Burma, India, 886 

Burrow’^s, L. A., 488 

Bush City, Kansas, 433 

Butte, Mont., 659 

Buwalda, J. P., 469, 472, 473 

0 

Caddo-Shroveport uplift, 432 
Caldwell County, Texas, 432, 805 
Caldwell deposit, Ontario, 290, 292 
California, 5, 46, 50, 51, 370, 416, 421, 
424, 427, 430, 432, 468, 472, 473, 475, 512 
Cambridge Instrument Company, 599, 
609, 610 

Cameron, G. IL, 880 
Canada, 5, 50, 422, 561, 659, 702, 705, 
803, 809, 884 
Canal field, Calif., OIQ 
Caribou, Colo., 226, 287, 288, 289 
Carlheim-Gyllenskold, V., 311, 390, 411, 
412 

Carlsbad, N. M., 51 
Carnegie Institute, 358, 362, 365, 579 
Caspian Sea, 160, 275 
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